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IREADIATION  DAMAGE  IN  INORGANIC  INSULATION  MATERIALS 


FOR  ITER  MAGNETS:  A REVIEW 

N.J.  Simon* 

National  Institute  of  Standards  and  Technology 
Boulder,  Colorado  80303 

A literature  search  on  the  irradiation  resistance  of  inorganic  insu- 
lators for  the  ITER  TF^  magnets  is  reported.  The  materials  included 
AI2O3 , AIN,  MgO,  porcelain,  Si02,  MgAl20^, , Zr02,  and  mica.  No  in  situ 
measurements  of  the  4-K  compressive,  shear,  and  electrical  breakdown 
strengths  after  4-K  neutron  irradiation  were  retrieved.  Limited 
optical  and  thermal  property  measurements  made  on  these  insulators 
after  cryogenic  irradiations  indicate  that  recovery  occurs  in  ceramic 
oxides  at  ambient  temperatures.  Host  atom  amorphization  has  been 
demonstrated  in  AI2O3  at  77  K,  but  was  not  successful  at  300  K. 
Apparently,  host  ion  amorphization  does  not  occur  in  most  ceramic 
oxides  at  300  K.  Amorphization  has  evidently  not  been  attempted  in 
AIN,  MgO,  or  MgAl204  at  77  K.  Silicate-bonded  structures,  such  as 
mica,  porcelain,  and  silica,  do  amorphize  at  ambient  temperature  and 
are,  at  present,  considered  unacceptable  unless  proven  otherwise  by 
in  situ  electrical  and  mechanical  property  testing  after  4-K  irra- 
diation. Zirconia,  even  if  stabilized,  will  probably  transform  under 
neutron  irradiation  and  is,  therefore,  considered  unsuitable.  Mica 
layers  delaminated  under  low  energy  electron  bombardment.  Natural 
mica  layers  are  porous , owing  to  spontaneous  and  induced  tracks 
from  U impurities.  Tracks  caused  a decrease  in  electrical  breakdown 
strength.  Simulation  of  neutron  irradiation  by  other  radiation 
species  is  also  reviewed  in  this  report. 

Key  words:  cryogenic;  ceramic  oxide;  inorganic  insulation; 
irradiation;  ITER;  magnet  insulation;  mica;  radiation  damage; 
superconducting  magnet 


*Materials  Reliability  Division,  Materials  Science  and  Engineering  Laboratory 
"^ITER  = International  Thermonuclear  Experimental  Reactor;  TF  = toroidal  field 
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EXECUTIVE  SUMMARY 


Results  of  a literature  search  on  the  irradiation  resistance  of  candidate 
inorganic  insulators  for  the  ITER  TF  magnets  are  reported.  The  materials 
investigated  include:  AI2O3,  AlN,  MgO,  porcelain,  Si02,  MgAl204,  Zr02,  and 
mica.  A companion  report*  reviews  the  low  temperature  mechanical,  thermal, 
and  electrical  properties  of  these  materials. 

For  material  downselection  and  design,  data  are  required  on  the  4-K  compres- 
sive and  shear  strengths  and  the  electrical  breakdown  strength  after  a fusion 
fast  neutron  fluence  of  10^^/m^  (E  > 0.1  MeV) . However,  no  in  situ  measure- 
ments of  these  or  other  properties  after  4-K  irradiation  were  retrieved  in  the 
literature  search.  Only  limited  optical  and  thermal  property  measurements 
have  been  made  on  these  insulators  after  cryogenic  irradiations.  Therefore, 
this  report  provides  guidance  in  material  selection  based  upon  data  obtained 
at  the  lowest  available  irradiation  temperatures.  The  lack  of  4-K  irradiation 
data  is  a very  serious  limitation.  Because  much  of  the  radiation  damage  in 
organic  insulators  is  chemical  and  results  from  the  ionizing  component  of  the 
radiation,  there  may  be  some  correspondence,  at  least  at  low  fluences,  between 
4-K  mechanical  strengths  after  irradiation  at  either  300,  77,  or  4 K.  Some 
preliminary  results  on  organics  indicate  that  4-K  mechanical  strength  values 
may  correspond  within  about  a factor  of  2 or  3,  despite  different  tempera- 
tures of  irradiation,  because  ambient- temperature  annealing  is  apparently 
limited. However,  the  radiation  damage  to  the  ceramic  oxides  reviewed  here 
is  primarily  disnlacive . Studies  on  copper  reported  recovery  of  64%  of  dis- 
placive  defects  induced  by  deuteron  radiation  at  10  K by  annealing  to  70  K; 
between  70  and  300  K,  a further  recovery  of  32%  was  observed,  so  at  300  K, 
only  4%  of  the  defects  remained.  The  available  evidence  indicates  that 
similar  recovery  occurs  in  ceramic  oxides;  for  example,  the  number  of  defects 
retained  after  a given  irradiation  fluence  at  77  to  91  K in  BeO  and  AI2O3  has 


*Simon,  N.  J.  1994  (In  press).  Cryogenic  Properties  of  Inorganic  Insulation 
Materials  for  ITER  Magnets:  A Review.  NISTIR  5030,  National  Institute  of 
Standards  and  Technology,  Boulder,  CO. 

'•’Simon,  N.J.  1993.  A Review  of  Irradiation  Effects  on  Organic -Matrix 
Insulation.  NISTIR  3999,  National  Institute  of  Standards  and  Technology, 
Boulder,  CO. 
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been  measured  to  be  10,  16,  and  30  times  the  number  retained  at  300  K,  in 
various  different  experiments.  The  foreign- ion  irradiation  fluence  necessary 
to  induce  amorphization  in  AI2O3  at  300  K was  200  times  that  required  at  77  K. 
For  screening  purposes  only,  it  is  proposed  to  account  for  ambient- temperature 
recovery  by  examining  data  at  fast  neutron  fluences  about  100  times  those  ex- 
pected at  4 K.  Currently,  this  gives  an  ambient- temperature  screening  fluence 
of  100  X 10^^/m^,  or  10^^/m^.  (Of  course,  available  data  at  other  fluences  are 
also  reviewed  here,  since  this  screening  strategy  is  very  approximate,  and  the 
expected  magnet  fluence  could  change  as  the  ITER  design  progresses,  and  will 
differ  with  location  within  the  TF  magnets.) 

The  ambient- temperature  irradiation  data  base  consists  mainly  of  data  on  the 
number  of  defects,  the  extent  of  swelling,  and  the  tendency  to  amorphize. 
Limited  thermal  conductivity  and  mechanical  property  data  are  available. 

Some  of  the  best  mechanical  property  data,  recently  obtained  by  Dienst  and 
Zimmermann  at  KfK,*  ranks  MgAl20,4  > AI2O3  > AIN  from  strength  retention  in 
three -point  bending  tests.  MgO  would  probably  rank  lower,  owing  to  brittle- 
ness in  compressive  testing  of  single  crystals  after  a fast  neutron  fluence 
of  ~2  X 10^^/m^  (-3  X 10~^  dpa'*’)  , but  the  other  ceramic  oxides  have  not  been 
similarly  tested.  Because  silicate-bonded  structures  usually  amorphize  at 
fluences  near  10^^/m^,  silica  and  mica  have  low  radiation  resistance,  and  are 
at  present  considered  unacceptable  unless  proven  otherwise  by  in  situ  tests  of 
electrical  and  mechanical  properties  after  4-K  irradiation.  Porcelain  has  an 
even  lower  reported  fluence  of  amorphization  and  is  difficult  to  evaluate, 
owing  to  very  limited  testing.  Zirconia,  even  if  stabilized,  will  probably 
transform  under  neutron  irradiation  and  is  therefore  considered  unsuitable  on 
the  basis  of  present  information. 

Mica  has  the  added  problem  of  a layered  structure  that  is  known  to  delaminate 
under  low  energy  electron  irradiation  in  TEM.*  Individual  natural  mica 
layers  are  porous,  owing  to  the  spontaneous  fission  and  decay  of  the  impurity, 
through  geological  times  periods  in  which  " fossil"  fission- fragment  and 

*KfK  = Kernforschungszentrum  Karlsruhe. 

"•"dpa  = displacements  per  atom. 

^TEM  = transmission  electron  microscope  or  microscopy. 
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recoil  nuclei  tracks  are  formed  to  a density  that  varies  approximately  from 
10^  to  10®/cm^.  Even  though  U is  present  as  an  impurity  in  natural  micas  only 
in  the  range  of  10®  to  10^^  parts  per  atom,  the  amount  of  in  a phlogopite 

mica  was  sufficient  to  allow  an  induced  fission- fragment  track  density  of  4 x 
lOVcm^  after  a thermal  neutron  fluence  of  10^^/m^.  Comparable  measurements  of 
induced  tracks  for  muscovite  mica,  the  form  commonly  used  in  commercial  mica 
insulation,  are  not  available.  The  induced  track  density  is  expected  to  vary 
with  the  mica  source  and  with  processing  techniques.  Tracks  lower  the 
electrical  breakdown  strength;  the  delamination  of  mica  from  displacement  of 
the  interlaminar-bonding  K atom  in  neutron  cascades  is  expected  to  link  both 
pre-existing  and  induced  porosity,  and  may  result  in  unacceptable  electrical 
properties . 

Any  other  insulation  with  impurities  that  are  natural  or  arise  from  production 
methods  is  potentially  subject  to  similar  problems  if  used  in  a subdivided 
state.  For  example,  non- cubic  polycrystalline  materials  may  exhibit  a lack  of 
grain  boundary  cohesion,  owing  to  anisotropic  expansion  under  neutron  irradia- 
tion. If  the  currently  accepted  thermal  spike  mechanism  of  track  formation  is 
correct,  the  track  size  is  inversely  proportional  to  a power  of  the  specific 
heat.  Because  the  specific  heat  is  often  3 orders  of  magnitude  smaller  at 
4 K,  even  a particles  may  cause  tracking  in  insulators  at  4 K,  although  this 
is  not  observed  at  300  K (except  in  organics).  Owing  to  the  high  percentage, 
-7%,  of  the  neutron  spectrum  in  the  very  high  energy  range  (E  > 5 MeV) , where 
(n,a)  reactions  are  possible  for  atoms  of  low  atomic  number,  a emission  is 
expected  to  be  a factor  in  4-K  electrical  breakdown  strength.  In  situ  data 
are  not  currently  available.  (In  situ  measurements  are  necessary,  owing 
to  the  possible  recovery  of  track  defects  at  77  or  300  K,  as  well  as  the 
diffusion  of  displaced  interlayer  cations  in  mica,  at  77  or  300  K,  since 
diffusion  allows  rebonding  between  layers  and  closure  of  fissures.) 

Because  in  situ  testing  after  4-K  irradiation  is  urgently  needed,  although 
sources  of  4-K  neutron  irradiation  are  very  limited,  the  problem  of  simulation 
of  neutron  irradiation  by  other  radiation  species  is  also  reviewed  in  this 
report.  An  evaluation  of  simulation  is  required  in  any  event,  because  much 
of  the  data  base  on  inorganic  insulation  was  obtained  with  other  radiation 
sources.  Since  an  incident  neutron  displaces  a primary  ion  and  initiates  a 
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cascade  of  displacement  damage,  ion  irradiation  offers  the  most  accurate 
simulation,  especially  if  an  ion  of  similar  atomic  number,  or  better,  a host 
ion  is  used,  to  avoid  chemical  and  size  effects.  However,  since  the  mean 
free  path  of  neutrons  is  of  the  order  of  centimeters , whereas  that  of  ions 
is  of  the  order  of  tens  of  micrometers,  specimen  size  is  extremely  limited. 
Electron  irradiation  also  offers  both  displacement  damage,  and,  because  the 
mean  free  path  is  of  the  order  of  millimeters,  also  a less  limited  specimen 
size.  However,  each  incident  electron  usually  displaces  only  one  host  atom, 
so  the  electron  displacement  damage  is  randomly  scattered  throughout  the 
specimens,  rather  than  localized  in  dense  clusters  as  neutron  damage  is.* 

Also,  the  ratio  of  ionizing  to  displacive  absorbed  dose  for  electrons 
(-10  000)  is  very  much  higher  than  for  ions  (-100)  or  neutrons  (-100) . Gamma 
irradiation  is  also  an  unacceptable  substitute  for  neutron  irradiation  because 
of  its  predominant  ionizing  dose.  However,  the  silicate  bonds  in  Si02  (and, 
probably,  in  mica)  have  low  ionizing- radiation  resistance  and  are  susceptible 
to  some  displacive  damage  from  y rays. 

In  situ  electrical  and  mechanical  measurements  after  4-K  fast  neutron  or 
host  ion  irradiation  of  the  most  promising  inorganic  insulation  candidates, 
MgAl20^ , AI2O3,  AIN,  and,  perhaps,  MgO,  are  urgently  needed.  It  is  discon- 
certing that  host  atom  amorphization  has  been  demonstrated  in  AI2O3  at  77  K, 
but  was  not  successful  at  300  K.  Host  atom  amorphization  is  roughly  equiva- 
lent to  neutron  amorphization,  since  it  is  the  host  PKAs'''  that  do  the  damage 
in  neutron  irradiation.  Apparently,  host  ion  amorphization  does  not  occur  in 
most  ceramic  oxides  at  300  K.  Amorphization  has  evidently  not  been  attempted 
in  AIN,  MgO,  or  MgAl204  at  77  K.  The  observation  of  a pronounced  temperature 
dependence  of  amorphization  raises  a cautionary  signal  against  proceeding  with 
the  design  of  ITER  TF  magnets  under  the  present  assumptions,  without  4-K  irra- 
diation and  in  situ  test  measurements  of  all  critical  properties,  as  soon  as 
possible . 


*Cluster  damage  should  occur  if  the  electron  energy  is  above  -25  MeV,  but 
detailed  experiments  to  compare  this  cluster  damage  with  that  of  neutron 
cascades  have  not  yet  been  performed  for  ceramic  oxides. 

'*’PKA  = primary  knocked- on  atom. 
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1.  ASSESSMENT  OF  THE  IRRADIATION  DATA  BASE  ON  INORGANIC  INSULATORS 


This  report  presents  the  results  of  a literature  search  on  radiation  damage  of 
inorganic  insulators  that  are  candidates  for  use  in  the  ITER  TF  superconduct- 
ing magnets.  The  insulators  included  are:  alumina  (AI2O3)  , aluminum  nitride 
(AIN),  magnesia  (MgO) , mica,  porcelain,  vitreous  silica  and  quartz  (Si02)  , 
spinel  (MgAl204)  , and  zirconia  (Zr02)  . A companion  report  will  review  the 
available  data  on  the  low  temperature  mechanical,  thermal,  and  electrical 
properties  of  these  insulators  [Simon,  1994].  (Only  the  a-Al203  structure  is 
included  in  these  reviews,  unless  otherwise  noted.) 

Often,  an  irradiation  data  base  will  include  information  in  which  the  irradia- 
tion spectrum  or  even  the  irradiating  species  is  different  from  that  expected 
in  a fusion  device.  Dose  rate  and  gaseous  and  other  environmental  conditions 
also  are  often  different.  In  the  case  of  inorganic  insulation,  an  environ- 
mental condition  of  primary  importance,  the  operating  temperature  of  4 K,  is 
almost  never  found  in  the  existing  data  base.  This  introductory  section  on 
data  base  assessment  is  intended  to  assist  the  reader  in  evaluating  the 
available  information.  It  is  also  intended  to  set  forth  guidelines  for  future 
research,  because,  owing  to  the  lack  of  4-K  neutron  sources,  some  screening 
and  perhaps  even  design  data  may  have  to  be  obtained  by  simulation  techniques 
with  other  radiation  species. 

Although  data  on  compressive  strength  and  electrical  breakdown  strength  are 
needed  for  material  downselection  and  design,  the  available  radiation  data 
base  comprises  mostly  information  on  the  number  of  defects  produced  and  the 
extent  of  swelling  and  amorphization.  Limited  mechanical  and  thermal  property 
information  is  available.  No  cryogenic- temperature  electrical  breakdown 
information  was  found  in  the  radiation  literature.  For  each  of  the  materials 
listed  above  (except  mica),  the  topics  considered  in  §§2  through  8 are: 

(1)  defect  production;  (2)  volume  change  (swelling);  (3)  amorphization; 

(4)  mechanical  properties;  and  (5)  thermal  properties.  Early  screening  tests 
at  ORNL  (Oak  Ridge  National  Laboratory)  in  the  1950s  showed  very  unfavorable 
radiation  properties  for  mica  relative  to  other  insulators;  probably  this 
explains  the  lack  of  conventional  radiation  studies  on  this  material.  The 
available  radiation- damage  information  on  mica  is  evaluated  in  §9.  Since 
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hybrid  insulations  are  under  consideration  for  ITER,  the  few  studies  on  hybrid 
radiation  damage  are  summarized  in  §10.  Radiation  studies  on  the  glass-mica 
ceramic,  Macor,  are  also  reviewed  in  §10.  Electrical  breakdown,  especially 
under  conditions  in  which  the  material  is  irradiated  while  an  electric  field 
is  simultaneously  applied,  are  reviewed  in  §11.  Section  12  presents  a com- 
parative evaluation  of  all  of  the  insulators  reviewed,  as  well  as  the  conclu- 
sions of  this  report. 

This  literature  review  was  undertaken  to  assist  in  materials  research  for  ITER 
magnets,  not  to  provide  an  exhaustive  survey  of  the  field  and  its  development. 
Consequently,  no  attempts  could  be  made  to  give  proper  historical  credit  for 
precedence  in  research,  nor  to  cite  all  those  who  contributed  in  a particular 
area. 

1.1  COMPARISON  OF  THE  EXISTING  DATA  BASE  WITH  ITER  REQUIREMENTS 

At  this  writing,  the  most  severe  requirements  for  magnet  insulation  are  those 
for  the  TF  magnets.  Table  1.1.1  presents  some  of  these  requirements,  and 
Figures  1.1.1  and  1.1.2  show  possible  configurations  for  the  TF  magnet  insula- 
tion. Maximum  compressive  stresses  will  be  about  200  to  250  MPa;  although 
information  is  not  included  in  the  table,  these  compressive  stresses  may  be 
accompanied  by  much  smaller  shear  stresses.  Shear  stresses  up  to  about  30  MPa 
are  present,  associated  with  unspecified  compressive  stresses,  but  the  magni- 
tudes of  such  unsupported  stresses  are  very  dependent  upon  both  the  magnet 
design  and  the  details  of  the  stress  analysis.  The  expected  number  of  fatigue 
cycles  is  8 X 10^  for  the  central  solenoid  (CS)  coils  and  400  (in  compression) 
for  the  TF  coils,  but  the  TF  coils  will  also  experience  -4  x 10^  cycles  of 
pulsed  operation  [Bushnell,  1994].  The  maximum  operating-voltage-to- thickness 
ratios  are  about  0.8  to  1.2  kV/mm.  Operation  is  at  4 K in  a vacuum.  The 
total  fast  neutron  fluence  (E  > 0.1  MeV)  will  be  10^^/m^,  and  the  associated 
Y radiation  dose  will  be  10^  Gy.  About  7%  of  the  total  neutron  fluence  will 
have  an  energy,  E > 5 MeV  [Sawan,  1993].  (A  factor  of  about  0.75  should  be 
applied  to  a fission  fast  neutron  fluence  to  equate  it  to  this  fusion  fast 
neutron  fluence  of  10^^/m^.)  These  values  are  representative  of  the  EDA 
(Engineering  Design  Activity)  in  April  1994,  and  of  course,  are  subject  to 
change.  The  current  draft  of  the  design  criteria  document  specifies  that  the 
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Table  1.1.1.  ITER  Concept  Insulation  Parameters  for  TF  Magnets 
and  CS  (Central  Solenoid) . (April  1994) 


TF  Coils(2) 

CS(3) 

Turn 

Plate 

Turn 

Layer 

Gnd. 

To 

To 

To 

(Incl. 

(Incl. 

Plate 

Plate 

Gnd. 

Key 

Turn 

Turn) 

Turn) 

Thickness  (mm) 

2.5 

2 

8 

8 

3 

6 

11.5 

Operating(^) 

Voltage  (kV) 

1.5 

1.5 

10 

10 

1 

5 

15 

Operatingl^)  Stress 

(MPa  - compression) 

100 

250 

200 

250 

250 

250 

200 

(1)  "Operating"  is  normal  operation  plus  the  inclusion  of  limited  fault 
conditions  for  one  breaker  failure  or  a single  ground  fault. 

(2)  The  TF  coil  insulation  must  be  capable  of  experiencing  fast  (>  0.1  Me V) 
neutron  fluence  of  1 x 10^2  n/m^  and  the  associated  gamma  radiation  will 
be  up  to  lx  10^  Gy. 

(3)  The  CS  coil  insulation  must  be  capable  of  experiencing  fast  (>  0.1  MeV) 
neutron  fluence  of  1 x 10^0  n/m^  and  the  associated  gamma  radiation  wiU 
be  about  1 x 10^  Gy. 

Operation  is  at  4K  in  vacuum.  CS  total  operation  cycles  = 8 x 10^.  TF 
compression  cycles  = 400;  cool  down  cycles  = 40 
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Figure  1.1.1.  Concept  sketch  of  the  TF  magnet  shear  plates  and  conductor- in- 
cable configuration;  "solid"  rib  option.  From  Reed  [1993]. 
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Figure  1.1.2.  Concept  sketch  of  the  TF  magnet  shear  plates  and  conductor- in- 
cable configuration:  "bonded"  rib  option.  From  Reed  [1993]. 
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material  must  withstand,  after  irradiation,  twice  the  operating  stress  and  20 
(possibly,  10)  times  the  expected  number  of  fatigue  cycles.  The  electrical 
breakdown  strengths  must  be  several  times  those  of  operating  voltages/ 
insulation  thickness  (Table  1.1.1).  Thus,  an  insulator  is  needed  that  has 
the  following  properties  after  a fast-neutron  fluence  of  10^^/m^  at  4 K:  a 
breakdown  strength  of  about  2.5  to  5 kV/mm,  a compressive  strength  of  about 
400  to  500  MPa,  and  a shear  strength  of  about  40  MPa,  associated  with  an 
unspecified  compressive  stress.  The  material  should  also  withstand  about 
8 X 10^  fatigue  cycles  after  irradiation. 

Unfortunately,  the  available  data  base  on  inorganic  insulation  does  not  cor- 
respond to  these  requirements  in  any  way.  There  is  almost  a complete  lack  of 
4-K  irradiation  data,  even  on  swelling,  from  which  the  stress  for  compressive 
failure  might  be  estimated  under  some  conditions  (§12.4.2).  Data  on  electri- 
cal breakdown,  especially,  should  be  obtained  in  situ,  while  irradiation  is 
proceeding  [e.g.,  Zinkle,  1993a].  Direct  measurements  of  mechanical  prop- 
erties of  inorganics  after  irradiation  are  very  rare,  even  at  ambient  tem- 
peratures. Such  measurements  should  be  made  in  situ  at  4 K,  before  higher 
temperature  recovery  processes  can  occur.  However,  measurements  of  mechanical 
properties  on  ceramics  are  difficult  and  subject  to  large  scatter.  A com- 
panion report  on  properties  of  inorganic  insulations  from  4 to  300  K will  show 
that  few  data  are  available  on  mechanical  properties  below  300  K even  for 
unirradiated  ceramics . The  low  temperature  data  on  irradiated  ceramics  often 
pertain  only  to  optical  properties,  from  which  the  defect  density  is  sometimes 
calculated . Much  of  the  Irradiation  data  below  300  K were  obtained  with  other 
radiation  species,  rather  than  with  neutrons.  Section  1.2  considers  the 
applicability  of  these  data  to  ITER  requirements.  Section  1.3  discusses  the 
possible  extrapolation  of  ambient- temperature  irradiation  data  to  4 K. 
("Ambient  temperature"  usually  includes  temperatures  up  to  ~100°C  in  this 
report.)  An  additional  problem  is  that  even  when  neutron  irradiation  was 
used,  the  spectrum  usually  did  not  include  a significant  component  above 
5 MeV,  and  the  issues  of  greater  damage  and  a-particle  generation  at  4 K have 
not  yet  been  addressed.  Section  1.4  surveys  these  issues. 

One  advantage  of  the  mostly  high  temperature  data  base  on  inorganics  is  that 
the  extent  of  the  damage  recovery  during  warm-up  can  sometimes  be  estimated. 
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Section  1.5  discusses  this  possibility.  Since  most  inorganic  insulation  is 
thought  to  sustain  a lower  degree  of  permanent  chemical  change  after  irradia- 
tion than  organic  insulations  do,  significant  recovery  may  occur  during  warm- 
up, except,  perhaps,  for  mica,  porcelain,  and  Si02.  However,  permanent  damage 
to  electrical  properties  of  insulators,  including  increased  conductivity  and 
degradation  of  electrical  breakdown  strength  has  recently  been  reported  above 
-200'’C  (§11)  . This  degradation  requires  the  application  of  a threshold  elec- 
tric field  of  only  19  V/mm,  well  below  the  turn- to-plate  operating  fields  of 
0.83  kV/mm  (Table  1.1.1).  Therefore,  recovery  of  electrical  properties  after 
irradiation  at  4 K accompanied  by  an  electric  field  cannot  be  assumed  at 
present . 

Finally,  principles  that  may  be  applied  to  selection  of  inorganic  insulation, 
especially  in  the  absence  of  an  adequate  data  base,  are  discussed  in  §1.6. 

1.2.  IRRADIATION  SPECIES 

When  radiation  of  any  species  type  interacts  with  a solid,  the  energy  of  the 
incident  particles  is  transferred  both  to  the  constituent  atoms . which  are 
knocked  out  of  their  normal  positions,  and  to  the  electrons . which  are  removed 
from  their  ground-state  orbits.  The  result  of  the  first  type  of  energy  trans- 
fer is  called  displacement  or  displacive  damage;  the  second  type  is  known  as 
ionization  or  electronic  excitation.  Displacive  processes  produce  Frenkel 
pairs  that  consist  of  an  interstitial  ion  and  a vacancy;  ionization  processes 
normally  cause  emission  of  photons  and  phonons  from  de-excitation  of  electron- 
ically excited  states.  Although  a small  portion  of  the  ionization  energy  does 
result  in  atomic  displacement,  as  discussed  further  below  (and  by  Itoh  and 
Tanimura  [1986]),  the  most  serious  radiation  damage  to  ceramic  oxides  usually 
arises  from  direct  displacive  energy  transfer.  Therefore,  in  comparing  radia- 
tion damage  from  different  species,  the  extent  of  displacive  damage  is  nor- 
mally the  most  important  consideration.  Heat  or  thermal  energy  is  generally 
an  insignificant  component  of  the  total  energy  deposited  from  ion  or  neutron 
radiation,  except  for  irradiation  with  massive  ions  with  energies  below 
200  keV  [Zinkle  and  Greenwood,  1993].  However,  thermal  energy  deposition 
can  be  significant  in  y and  electron  irradiation. 
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1.2.1.  Damage  Production  by  Neutrons:  Theory 


Fast  neutrons  have  relatively  large  mean  free  paths,  -1  cm,  because  they  are 
uncharged  particles.  When  a neutron  collides  with  a lattice  atom,  in  an 
elastic  collision  in  which  energy  and  momentum  are  conserved,  the  maximum 
energy  transferred  (in  a head-on  collision)  is 

Ep(max)  = 4E(inc)Mm/(M  + m)^,  (1.1) 

where  E(inc)  is  the  energy  of  the  incident  neutron,  m is  the  neutron  mass,  and 
M is  the  mass  of  the  struck  atom.  Table  1.2.1  shows  the  maximum  energy  that 
neutrons  of  various  energies  can  impart  to  the  more  common  constituent  atoms 
of  inorganic  insulators.  Since  the  energy,  E^j , required  to  displace  a con- 
stituent atom  is  typically  20  to  60  eV  (Table  1.2.2),  fast  neutrons  of  energy, 
E > 0.1  MeV,  will  always  displace  one  of  these  atoms  in  an  elastic  inter- 
action. Furthermore,  the  energy  of  the  lattice  atom  displaced  in  this  primary 
process  is  considerably  in  excess  of  E(j ; hence,  the  primary  becomes  a pro- 
jectile and  causes  secondary  displacements,  and  the  secondaries  produce 
tertiaries,  and  so  on,  until  the  energy  of  each  displaced  particle  has  dropped 
so  low  that  E^  cannot  be  transferred.  This  process  is  known  as  the  displace- 
ment cascade.  Figure  1.2.1  shows  a computer  simulation  of  a cascade,  project- 
ed onto  a plane.  Observation  of  single-crystal  AI2O3  by  electron  microscopy 
after  neutron  irradiation  (<150“C)  revealed  a high  density  of  defect  clusters; 
the  size  of  each  defect  clusters  was  about  4 nm  (40  A)  [Barber  and  Tighe, 
1968].  Modern  theories  of  defect  production  in  a cascade,  including  the  time 
periods  for  the  various  processes  and  the  thermal  spike  phenomenon  were  dis- 
cussed (for  metals)  by  Heinisch  [1993]. 

After  the  production  of  the  primary  ion  in  the  cascade,  with  energy  Ep  < 

Ep(max) , determined  by  Equation  (1.1),  the  subsequent  collisions  are  governed 
by  the  same  formula,  with  m referring  to  the  incident  ion's  mass.  To  a first 
approximation  [Kinchin  and  Pease,  1955],  the  number  of  subsequent  displace- 
ments, Njj,  produced  by  the  primary  knocked- on  atom  (PKA)  is 

Nd(Ep)  = Ep/2Ed.  (1.2) 
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Table  1.2.1.  Maximum  Energy  (MeV)  Imparted  to  Common  Insulator  Atoms 
by  an  Incident  Neutron.  Calculated  from  Equation  (1.1). 


ATOM 

INCIDENT  NEUTRON  ENERGY,  MeV 

0.01 

0.1 

1 

5 

14 

N 

0.0025 

0.025 

0.25 

1.24 

3.48 

0 

0.0022 

0.022 

0.22 

1.11 

3.10 

Mg 

0.0015 

0.015 

0.15 

0.76 

2.13 

A1 

0.0014 

0.014 

0.14 

0.69 

1.93 

Si 

0.0013 

0.013 

0.13 

0.66 

1.86 

K 

0.00097 

0.0097 

0.097 

0.49 

1.36 

Zr 

0.00043 

0.0043 

0.043 

0.21 

0.60 

Table  1.2.2.  Values  of  the  Threshold  Displacement  Energy,  E^, 
for  Several  Insulators.  See  Pells  [1988]  for  Citations. 


MATERIAL 

ELEMENT  AND 

ORIENTATION 

Ed  (eV) 

AVERAGE  Ed 
(eV) 

MgO 

Mg  <001> 

60±3  1 

<01 1> 

60±3 

\ 

60  1 

<111> 

60+3 

1 

> 56 

0 <001> 

44±3  ^ 

1 

<011> 

64±3 

53 

<11 1> 

46±3 

AI2O3 

Al  random 

18±3 

20  ' 

0 random 

76±3 

> 50 

random 

90 

65 

<0001> 

53 

<1120> 

41 

J 

MgAl20^ 

Mg  <00 1> 

20  ] 

30 

Mg 

30  J 

Al 

30 

> 45 

0 

59 

AIN 

-50 
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Figure  1.2.1.  Computer  simulation  of  a cascade  in  Fe  from  a 5-keV  Fe  ion, 
planar  projection.  Reprinted  with  permission  from  Displacement  Spikes  in 
Cubic  Metals.  1.  a-Iron,  Copper,  and  Tungsten  by  J.R.  Beeler,  Jr.,  in 
Physical  Review  Vol.  150,  p.  470  (1966).  Copyright  1966  The  American  Physical 
Society. 
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The  factor  of  2 occurs  in  the  denominator  because  the  incident  particle  must 
have  an  energy  of  at  least  2E^  so  that  both  the  incident  and  struck  atoms  have 
an  energy  of  at  least  to  escape  from  a lattice  site.  Since  is  typically 
of  the  order  of  1000  for  a fast  neutron  collision  with  the  relatively  light 
atoms  of  common  inorganic  insulators,  a high  defect  density  is  produced  around 
the  site  of  the  primary  fast  neutron- lattice  atom  collision.  Some  athermal 
recombination  of  these  lattice  defects  can  occur  even  at  4 K if  both  the 
vacancy  and  interstitial  remain  within  a critical  volume. 


Kinchin  and  Pease  proposed  the  approximation  of  Equation  (1.2)  only  for  a 
region  below  a critical  energy  E^  in  which  the  PKA  looses  energy  by  hard-core 
elastic  scattering.  Energy  above  E^,  again  in  approximation,  goes  into 
electron  excitation  (ionization  processes)  rather  into  elastic  scattering. 
Thus  the  Kinchin- Pease  model  is: 


Nd 


' 0 
1 

V2Ed 

. Ei/2Ed 


0 < Ep  < Ejj , 

Ed  < Ep  < 2Ed, 
2Ed  < Ep  < El, 
El  < Ep. 


(1.3) 


Norgett  et  al . [1975]  proposed  a widely  used  modification  of  this  model, 

called  the  modified  Kinchin- Pease  formula,  in  which  the  stopping  power  theory 
of  Lindhard  et  al.  [1963]  was  used  to  calculate  the  electronic  energy  losses. 
In  this  formulation. 


Nd(Ep)  = K(Ep  - Q)/2Ed,  Ep  > 2Ed/K,  (1.4) 

where  Q is  the  total  energy  lost  in  the  cascade  by  electron  excitation  and 
Ep  - Q = T(Ep)  is  the  damage  energy  or  the  energy  available  for  atomic  dis- 
placement. The  factor  k is  a constant  called  the  displacement  efficiency  that 
is  approximately  equal  to  0.8  for  most  materials.  (It  is  a correction  to  the 
original  hard-core  scattering  model  used  by  Kinchin  and  Pease  that  accounts 
for  the  effects  of  a more  realistic  scattering  potential.)  Figure  1.2.2  is 
a plot  of  a calculation  by  Norgett  et  al.  for  bcc  Fe  that  shows  both  the 
damage  energy  and  the  number  of  displacements  as  a function  of  the  PKA  energy. 
Figure  1.2.3  compares  the  number  of  displacements  in  both  the  Kinchin- Pease 
and  modified  Kinchin-Pease  models.  The  important  distinction  is  that  for  the 
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DAMAGE  ENERGY  T(E.),  keV 


Figure  1.2.2.  Damage  energy  T(Ep)  and  number  of  Frenkel  pairs  produced  as  a 
function  of  PKA  energy,  Ep  (for  Fe , E^j  = 40  eV)  . The  curve  is  not  linear 
because  the  energy  expended  in  electron  excitation  and  ionization  increases 
with  the  ion  energy,  Ep.  This  ionization  energy  is  not  available  for 
displacements.  Data  from  Norge tt  et  al . [1975]. 
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NO.  OF  FRENKEL  PAIRS  PRODUCED 


NUMBER  OF  DISPLACED  ATOMS. 


0 40  80  120  160  200 

PKA  ENERGY  (E.).  keV 


Figure  1.2.3.  Comparison  of  the  calculations  of  the  N^j  generated  in  bcc  Fe  by 
a PKA:  for  (1)  Kinchin-Pease  model  with  = 40  eV,  = 56  keV  (Eqn.  1.3); 

(2)  the  Norgett-Robinson-Torrens  [1975]  model  (Eqn.  1.4).  Data  from  Norgett 
et  al.  [1975] . 
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modified  model,  the  number  of  displacements  continues  to  rise  with  the  energy 
of  the  PKA.  This  increases  the  significance  of  the  high  energy  part  of  the 
neutron  spectrum  in  producing  displacive  damage. 

Displacement -damage  theory  was  extended  to  multicomponent  or  polyatomic  non- 
metals  by  Coulter  and  Parkin  [1980],  who  generated  damage  energy  functions, 
T(Ep)  for  AI2O3,  SiN^,  and  MgAl204.  Dell  and  Goland  [1981]  used  these  func- 
tions to  calculate  the  number  of  displacements  for  each  type  of  atom  and  then 
obtained  total  spectrum- averaged  displacement  cross  sections,  for  sev- 

eral neutron  spectra  that  are  shown  in  Figure  1.2.4,  The  reader  is  referred 
to  the  paper  by  Dell  and  Goland  for  details  of  the  calculation.  Table  1.2.3 
gives  their  cross  sections  for  AI2O3  and  MgAl20^ . The  values  used  for  AI2O3 
were  given  in  Table  1.2.2;  however,  higher  E^  values  were  chosen  for  MgAl204, . 
The  a^jig  can  be  scaled  if  different  values  for  E^  are  validated,  since  the 
dependence  of  a^is  on  E^  is  that  shown  in  Equation  (1.4).  The  a^is  results  for 
MgAl20^  scaled  from  alternate  E(j  values  suggested  by  Zinkle  are  in  parenthesis 
(see  §7.1.1).  Recently,  more  accurate  techniques  for  determining  E^s  from 
individual  ionic  displacements  have  become  available  (§4.1.1),  but  these  tech- 
niques have  not  yet  been  applied  to  most  materials  in  this  survey. 

Table  1.2.3  also  shows  the  ionization-assisted  a^is  that  arises  from  processes 
other  than  elastic  displacement  collisions.  Again,  the  reader  is  referred  to 
the  original  paper  for  details  of  the  calculation,  which  was  based  on  work  by 
Yarlagadda  and  Robinson  [citation,  Dell  and  Goland,  1981]  suggesting  that  the 
Goulomb  repulsion  between  a recoil  atom  (PKA  or  higher-order)  and  an  atom  it 
has  ionized  may  be  sufficient  to  produce  displacements  in  nonmetals.  Dell  and 
Goland  found  that  L-shell  ionization  could  contribute  significantly  to  addi- 
tional displacement  damage,  as  indicated  in  Table  1.2.3. 

Merkle  [1974]  had  used  the  previously  measured  total  and  elastic  cross  sec- 
tions for  Au  to  show  that  when  displacement  cascades  from  14-MeV  neutron 
irradiation  of  Au  were  visualized  with  transmission  electron  microscopy, 
recoils  from  elastic  neutron  scattering  events  could  account  for  <20%  of  the 
visible  cascades.  The  size  of  the  cascade  clusters  was  used  to  indicate  the 
number  of  displacements  (vacancies)  contained  in  each.  At  14  MeV,  one  or  two 
neutrons  or  a charged  particle  is  emitted  in  a nonelastic  process  (kinetic 
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NEUTRON  ENERGY.  MeV 


NEUTRON  ENERGY.  MeV 


Figure  1.2.4.  Neutron  spectra  used  in  calculation  of  displacement  cross 
sections  in  Table  1.2.3.  Data  from  Dell  and  Goland  [1981]. 
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Table  1,2.3.  Spectrum- Averaged  Damage  Cross  Sections  for  AI2O3  and  MgAl20^.  See  Figure  1,2.4  for  Spectra. 
Calculations  from  Dell  and  Goland  [1981]  . Recalculations  of  in  parentheses  for  MgAl20/,  are  based  upon  the 

values  suggested  in  Table  1,2.3. 
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energy  is  not  conserved) . Since  the  average  recoil  energy  of  the  residual 
nucleus  is  about  70  keV,  whereas  the  PKA  energy  from  elastic  collisions  is 
281  keV,  it  is  probable  that  a significant  amount  of  displacement  damage  can 
occur  from  high  energy  reactions  such  as  (n,2n).  Merkle  concluded  that  non- 
elastic neutron  scattering  accounted  for  most  of  the  displacement  damage. 
Therefore,  both  ionization-assisted  and  high-energy  transmutation  reactions 
may  increase  the  displacement  cross  section  above  what  would  be  calculated 
from  the  modified  Kinchin-Pease  function  and  the  cross  section  for  elastic 
scattering  events.  The  dpa  (displaced  atoms  per  atoms  of  the  target)  is 
determined  by  multiplying  a calculated  by  the  neutron  f luence . Since  the 

^dis  usually  calculated  by  methods  similar  to  those  described  by  Dell  and 

Goland,  the  estimated  dpa  could  be  low  by  a factor  of  2 or  3 in  som-e  cases, 
especially  if  the  spectrum  includes  a strong  high-energy  component.  Zinkle 
and  Greenwood  [1993]  suggested  that  nonelastic  processes  are  important 
contributors  to  displacement  only  for  neutron  energies  above  10  MeV.  Using 
an  average  for  the  atoms  in  AI2O3  of  500  barns  (500  x 10“^®  m^)  from 

Table  1.2.3  gives  a dpa  of  5 x 10“^  for  the  ITER  f luence  of  More 

recently,  computer  codes  using  all  neutron  reaction  channels  have  been 
developed,  and  results  are  available  for  AI2O3,  using  Ecj(O)  = 30  eV  and  Ed(Al) 

= 27  eV  [Greenwood,  1990] . More  information  on  the  threshold  energy,  E^,  is 
still  needed  for  many  compounds , and  some  authors  have  proposed  values  of  E^j 
for  AI2O3  that  are  different  from  those  used  in  this  code  (§2.1). 

The  morphology  and  stoichiometry  of  displacement  cascades  has  not  been  studied 
in  polyatomic  ceramic  materials  as  much  as  in  metallic  structural  alloys. 
Ghoniem  and  Chou  [1988]  simulated  cascade  behavior  in  Monte  Carlo  binary  col- 
lision approximation  calculations  for  MgAl204.  The  dimensions  of  the  simu- 
lated cascade  were  found  to  be  large,  of  the  order  of  100  to  200  nm  (1000  to 
2000  A).  A tree-like  morphology  was  found,  with  more  instantaneous  recombina- 
tion occurring  in  the  trunk  portion.  The  results  for  PKA  energy  less  than 
about  1 keV  also  showed  that  the  atoms  were  displaced  in  nonstoichiometric 
ratios,  i.e.,  not  in  the  ratio  of  1:2:4  for  Mg,  Al , and  0,  respectively. 
Displacements  from  PKAs  of  higher  energy  resulted  in  stoichiometry.  A 
species -independent  E^j  of  56  eV  was  used  for  each  atom  type  in  the  initial 
calculation.  However,  when  Ej  = 56  eV  was  used  for  0 and  E^  = 18  eV  was  used 
for  Al  and  Mg,  an  increased  0 vacancy  deficiency  in  the  cascade  was  observed. 
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as  might  be  expected.  Using  similar  methods  of  calculation,  Parkin  [1990] 
also  found  that  the  heavy-metal  atom  would  be  preferentially  displaced 
relative  to  the  lighter  0 atom  in  all  ceramic  oxides,  and  that  local  non- 
stoichiometry would  occur  in  the  cascade  damage  region.  Ghoniem  and  Chou 
stated  that  if  it  were  experimentally  confirmed  that  the  displacement  thresh- 
old for  0 were  higher  than  that  for  Al  and  Mg,  the  experimental  simulation  of 
fusion  neutrons  by  ions,  electrons,  or  fission  neutrons  would  produce  inaccu- 
rate representations  of  fusion  neutron  cascades.  While  this  may  be  true  for 
ion  simulation  if,  for  example,  host  ions  of  a particular  energy  are  used  in 
stoichiometric  ratio,  significant  nonstoichiometry  has  also  been  shown  to 
arise  from  heavy- ion  irradiation  in  quartz  [Macaulay-Newcombe  and  Thompson, 
1984;  Macaulay-Newcombe  et  al . , 1990]. 


Table  1.2.4.  Maximum  Energy  Imparted  to  Common  Insulator  Atoms 
by  an  Incident  Electron.  Calculated  from  Equation  (1.5) 


ATOM 

INCIDENT  ELECTRON  ENERGY,  MeV 

0.1 

1 

10 

100 

0 

14.9  eV 

270  eV 

1.47  X 10^  eV 

1.34  X 10^  eV 

Mg 

9.8  eV 

180  eV 

0.97  X 10^  eV 

0.89  X 10^  eV 

Al 

8.8  eV 

160  eV 

0.87  X 10^  eV 

0.80  X 10^  eV 

Si 

8.5  eV 

150  eV 

0.84  X 10^  eV 

0.77  X 10^  eV 
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1.2.2.  Damage  Production  by  Electrons:  Theory 


Because  electrons  have  a very  small  mass  (mg)  relative  to  the  masses  of  lat- 
tice atoms,  the  energies  required  to  displace  atoms  are  a significant  fraction 
of  Therefore,  instead  of  Equation  (1.1),  a relativistic  equation  for 

energy  transfer  must  be  used  to  give  the  maximum  energy  that  can  be  trans- 
ferred to  a lattice  atom  when  the  incident  electron  energy  is  Eg: 

= 2(Eg  + 2mgc2)Eg/Mc2.  (1.5) 

In  units  of  MeV,  this  equation  may  be  written  as 

E,3^(MeV)  = 2(Eg  + 1 . 022)Eg/938 . 9A,  (1.6) 

where  A is  the  atomic  mass  (in  u)  and  the  masses  of  protons  and  neutrons  in 
the  lattice  atom  nucleus  are  assumed  equal  to  the  average  nuclear  mass. 

Table  1.2.4  shows  the  maximum  energy  of  the  PKA  in  0,  Al , Mg,  and  Si  for 
electron  energies  of  0.1,  1,  10,  and  100  MeV.  Often,  the  energy  of  the  PKA 
will  be  too  low  to  cause  secondary  displacements.  Figure  1.2.5  from  Oen  and 
Holmes  [1959]  gives  the  number  of  displaced  atoms  as  a function  of  electron 
energy  and  E^.  For  the  electron  energies  usually  employed  in  irradiation 
studies,  this  number  is  of  the  order  of  1.  Therefore,  complex  localized 
regions  of  displacement  damage  similar  to  those  found  in  neutron  displacement 
cascades  (Figure  1.2.1)  will  not  occur.  Rather,  Frenkel  defects  will  be  ran- 
domly distributed  throughout  the  region  of  the  specimen  within  the  penetration 
range  of  the  electrons.  This  range  is  10  to  1000  /im  in  most  materials  for 
electrons  of  energy  of  about  0.3  to  1.0  MeV  [Billington  and  Crawford,  1961]. 

A random,  nonclustered  distribution  of  defects  is  particularly  expected  for 
studies  using  high  voltage  electron  microscopy  (HVEM)  irradiation,  since  the 
machines  typically  furnish  beams  in  the  100  to  1000  keV  range. 

Most  of  the  energy  that  electrons  of  energy  up  to  about  1 or  2 MeV  lose  as 
they  traverse  matter  goes  into  ionization.  The  energy  loss  per  ion  pair 
formed  is  about  30  eV  in  gases  and  is  assumed  to  be  about  the  same  in  con- 
densed matter  [Kircher,  1964].  The  number  of  ion  pairs  formed  per  unit  path 
length  is  called  the  specific  ionization.  As  the  energy  of  the  primary 
electron  increases,  the  specific  ionization  decreases,  as  shown  in  Figure 
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(barns) 


Figure  1.2.5.  Average  number  of  displaced  atoms  produced  over  the  entire 
range  of  an  electron  as  a function  of  initial  electron  energy.  Data  from  Oen 
and  Holmes  [1959] . 
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1.2.6  (region  A to  region  B) , because  there  is  less  time  for  interaction 
between  the  electron  and  a given  atom.  Some  of  the  electrons  ejected  during 
ionization  have  enough  energy  to  cause  further  ionization.  These  energetic 
secondaries  are  called  S rays.  The  fraction  of  the  ionization  due  to  S rays 
increases  as  the  atomic  number,  Z,  of  the  irradiated  atom  increases.  For  0, 
about  two  thirds  of  the  ionization  arises  from  these  secondary  8 rays.  Be- 
cause there  is  a large  amount  of  secondary  ionization,  the  electron  sweeps  out 
a cylinder  of  interaction  along  its  path  in  condensed  matter.  As  noted  above, 
the  specific  ionization  is  lower  at  higher  incident  electron  energies.  Hence, 
the  radius  of  the  cylinder  of  interaction  decreases,  as  shown  in  Figure  1.2.7. 
The  figure  also  indicates  an  increase  in  the  effective  interaction  range  for 
very  fast  electrons.  Relativistic  considerations  show  that  very  high  energy 
electrons  have  an  associated  electric  field  that  is  condensed  into  a plane 
normal  to  its  path,  instead  of  being  radially  distributed.  This  intensified 
field  sweeps  out  to  a great  distance  and  blocks  out  a cylinder  of  somewhat 
larger  radius,  but  it  is  not  as  large  as  that  of  the  slower  electrons.  This 
explains  the  slow  rise  in  specific  ionization  at  higher  energies  (Figure 
1.2.6,  region  C)  [Lapp  and  Andrews,  1954]. 

At  energies  above  a few  MeV,  the  relativistic  electron  starts  to  loose  a 
greater  proportion  of  energy  through  radiation  ( "bremsstrahlung" ) than  through 
ionization.  The  ratio  of  bremsstrahlung  to  ionization  is  given  approximately 
by 


E-Z/800,  (1.7) 

where  E is  the  electron  energy  in  MeV.  Thus,  at  very  high  electron  energies, 
>25  MeV,  new  phenomena,  such  as  (7,n)  transmutations  and  pair  production 
(electron-positron) , arise  from  the  high  energy  y radiation.  In  this  energy 
regime,  clusters  of  defects  will  be  generated,  and  damage  may  become  similar 
to  that  from  neutron  and  heavy- ion  irradiation.  A schematic  illustration  of 
these  processes  [Fasso  et  al.,  1984]  is  given  in  Figure  1.2.8.  The  radiation 
length,  Xq,  in  this  figure  is  the  average  length  of  travel  of  an  electron 
before  it  looses  1/e  of  its  energy: 

X„(g/cm2)  - 716A[Z(Z  -H  1) ln(183Z-i/3)  ]-^  (1.8) 
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Figure  1.2.6.  The  specific  ionization  for  electrons,  illustrating  the 
sizeable  decrease  in  ionization  at  ~1  MeV.  Data  from  Lapp  and  Andrews  [1954]. 
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A - SLOW  ELECTRON 


B - FAST  ELECTRON 


C - VERY  FAST  ELECTRON 


Figure  1.2.7.  Effective  range  of  ionization  of  electrons  of  increasing 
energy,  corresponding  to  regions  A,  B,  and  C in  Figure  1.2.6. 
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Figure  1.2.8.  Development  of  an  electromagnetic  shower  from  very  high  energy 
electrons.  Dashed  lines  represent  electrons  and  wavy  lines  represent  7 radia- 
tion. Transverse  spreading  is  exaggerated  in  this  schematic  diagram.  B indi- 
cates bremsstrahlung  and  P indicates  pair  production.  A (y,n)  reaction  is 
illustrated  at  N.  From  Fasso  et  al . [1984]. 
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Most  of  the  electron  irradiation  data  in  the  literature  do  not  pertain  to  this 
energy  regime.  However,  screening  tests  could  be  carried  out  in  this  energy 
range  to  simulate  fusion  neutron  damage  to  some  extent.  The  size  and  distri- 
bution of  cluster  damage  should  be  compared  with  that  of  neutrons  to  validate 
this  screening  procedure,  however.  This  will  be  difficult  to  do  in  situ,  at 
4 K. 

Although  there  is  an  advantage  in  studying  radiation  damage  with  a HVEM,  in 
that  the  effect  of  a random  distribution  of  defects  on  physical  properties  of 
the  material  investigated  may  be  elucidated,  such  studies  may  be  of  greater 
academic  interest  than  of  practical  utility  in  simulating  fusion  neutron 
damage.  However,  by  systematically  varying  electron  beam  voltage.  Das  and 
Mitchell  [1974]  separated  displacement  damage  from  ionization  damage  in 
quartz.  With  increasing  voltage,  the  rate  of  formation  of  displacement  damage 
increased,  as  indicated  in  the  TEM  by  an  increasing  density  of  black  spots. 
However,  the  rate  of  amorphization  decreased  with  increasing  voltage,  in 
accord  with  results  on  polymers , where  the  decrease  was  attributed  to  a lower 
cross  section  for  ionization  damage  at  higher  electron  energies.  (These 
results  of  Das  and  Mitchell  on  quartz  are  shown  below,  in  Figure  6.1.4.) 
Therefore,  Das  and  Mitchell  attributed  amorphization  in  quartz  to  ionization 
radiation.  This  result,  which  applies  only  to  quartz  (and,  possibly,  to  the 
silicate  bonds  in  mica) , is  applicable  to  radiation  damage  in  a fusion  reactor 
because  the  neutron  fluence  is  accompanied  by  a significant  y dose,  and  y rays 
produce  chiefly  ionization  damage.  Also,  it  is  important  to  distinguish 
ionizing  from  displacive  damage  for  surrogate  radiation  sources  because  the 
ratio  of  ionizing- to-displacive  absorbed  radiation  dose  will  differ  signifi- 
cantly with  radiation  species,  as  discussed  below  (see  Table  1.2.7  in  §1.2.6). 

Although  the  absence  of  localized  displacement  damage  clusters  suggests  that 
electron-beam  irradiation  would  overestimate  fusion -neutron  radiation  resis- 
tance, Buckley  [1984]  conducted  a study  that  reached  the  opposite  conclusion, 
for  a special  case.  He  irradiated  MgAl204,  with  1-MeV  electrons  at  high 
temperatures  from  870  to  1120  K and  found  small  precipitates  of  metal  within 
the  bulk,  large  precipitates  on  external  surfaces,  0 bubbles,  microcracks,  and 
Mg  segregation.  He  attributed  these  phenomena  to  a solid-state  electrolysis 
induced  by  electric  fields  arising  from  charge  separation  associated  with  the 
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recoiling  secondary  electrons  and  S rays  that  occur  during  the  ionization 
process  discussed  above.  Since  Buckley  used  a focussed  electron  beam,  the 
radial  electric  field  increased  at  a large  rate,  estimated  at  approximately 
10^^  V/(m*s),  so  that  after  about  a microsecond,  the  field  was  large  enough  to 
drive  a balancing  current  of  charge  carriers  in  the  opposite  direction.  The 
charge  carriers  included  ions,  if  they  were  mobile;  hence,  the  material  was 
severely  damaged  by  an  irradiation- induced  electrolysis.  Presumably,  this 
mechanism  could  also  operate  to  some  extent  at  4 K,  since  the  ions  are  driven 
by  the  electric  field,  not  by  thermal  activation.  However,  ion  mobility  is 
reduced  at  4 K. 

1.2.3.  Experimental  Comparisons  of  Neutron  and  Electron  Damage 

From  the  basic  theoretical  considerations  presented  above,  electron  irradia- 
tion, at  least  in  the  energy  range  up  to  1 or  2 MeV,  should  not  be  expected 
to  simulate  many  of  the  features  of  neutron  irradiation,  although  scattered 
displacement  damage  is  produced.  For  the  most  part,  experimental  investiga- 
tions have  substantiated  this  premise.  Evidence  of  the  effects  of  very  high 
energy  electrons  (E  > 25  MeV)  on  the  materials  covered  in  this  survey  has  not 
been  found  in  the  literature  search. 

Crawford  [1984]  reviewed  evidence  from  optical  spectra  of  both  electron-  and 
neutron- irradiated  AI2O3  and  MgAl20^ . Color  center  behavior  indicated  that 
high  defect  densities  were  present  around  the  collision  site  of  a primary  fast 
neutron  and  a lattice  atom,  but  absent  after  electron  irradiation.  The  ef- 
fective radius  of  the  disordered  region  around  such  a collision  was  -10  nm 
(100  A).  Figure  1.2.9  from  Chen  et  al.  [1969]  shows  that  for  the  single  0 
vacancy  defect  at  250  nm  in  MgO,  electron  and  neutron  irradiation  at  ambient 
temperature  produced  similar  optical  absorption  spectra.  However,  the  figure 
also  shows  that  neutron  irradiation  produced  three  additional  absorption  bands 
(in  linear  proportion  to  the  250-nm  band)  that  were  not  observed  after  elec- 
tron irradiation.  These  additional  bands  were  ascribed  to  more  complex  aggre- 
gates of  0 vacancies  found  in  thermal -spike  or  cascade -damage  regions  only. 

Pells  and  Phillips  [1979b]  found  that  void  features  they  saw  after  1-MeV 
electron  irradiation  of  AI2O3  appeared  to  differ  from  those  reported  by  others 
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after  neutron  irradiation.  For  example,  equivalent  dislocation  densities  at 
about  900  to  1300  K required  -0.1  dpa  for  neutron  irradiation,  but  several  dpa 
in  the  HVEM.  For  -2  vol.%  of  voids  from  a fast  neutron  dose  of  -1  dpa, 

-10  dpa  was  required  to  give  the  same  volume  fraction  of  Al  precipitates  at 
1070  K in  the  HVEM.  Electron  irradiation  appeared  to  produce  Al  colloids,  but 
neutron  irradiation  produced  true  voids.  Since  the  displacement  threshold, 

Ed,  for  Al  was  found  to  be  much  lower  than  that  for  0,  Table  1.2.5  shows  that 
the  ratio  of  Al  to  0 atoms  displaced  is  much  greater  under  1-MeV  electron 
irradiation  than  under  1-MeV  neutron  irradiation.  In  both  types  of  irradia- 
tion, more  Al  than  0 atoms  will  be  displaced,  but,  because  energy  transfer 
from  electrons  is  limited  [Equation  (1.5)],  the  discrepancy  is  much  greater 
for  electron  irradiation. 


Table  1.2.5.  Displacements  per  Atom  (dpa)  for  Neutron  and  Electron 
Irradiation  of  AI2O3.  Calculations  from  Pells  and  Phillips  [1979b]. 


dpa 

10^^  neutrons/m^ 

Al 

2.3 

0 

0.5 

2 h electron  irradiation 

Al 

40.8 

0 

2.9 

The  table  is  calculated  for  a neutron  fluence  of  10^^/m^  (1  MeV) 
and  an  electron  fluence  of  10^®/m^  (1  MeV) , assuming  values  of 
Ed(Al)  = 18  eV  and  Ed(0)  = 75  eV. 


Hughes  [1986]  also  compared  electron  and  neutron  irradiation  of  AI2O3  at  high 
temperatures  and  doses.  Figure  1.2.10  shows  that  swelling  after  electron 
irradiation  occurs  at  a much  higher  irradiation  temperature  than  that  for 
comparable  swelling  after  neutron  irradiation.  These  results  are  for  a dose 
of  20  dpa  for  both  electrons  and  neutrons . The  difference  between  neutron  and 
electron  effects  was  ascribed  to  the  dose  rate  by  Hughes.  Figure  1.2.11 
compares  swelling  for  electron  and  neutron  irradiation  as  a function  of  dose. 
In  this  case,  results  are  comparable  for  the  two  species. 
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Figure  1.2,10.  Comparison  of  swelling  of  AI2O3  from  1-MeV  electron  and  fast 
neutron  irradiation  after  20  dpa.  Citations  in  Hughes  [1986] . 
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Figure  1.2.11.  Comparison  of  swelling  of  AI2O3  from  electron  and  neutron 
irradiation  as  a function  of  fluence  or  dpa.  Citations  in  Hughes  [1986] . 
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Fowler  et  al . [1981]  irradiated  the  glass-ceramic  Macor,  which  consists  of 
mica  crystals  embedded  in  a borosilicate  glass  matrix.  Ionizing  doses  from 
14-MeV  neutron  irradiation  of  up  to  -6  x 10^  Gy  (10^^/m^)  were  compared  to 
ionization  doses  of  10^°  to  10^^  Gy  from  200-keV  electron  irradiation.  Mica 
was  about  4 orders  of  magnitude  more  sensitive  to  the  neutron  doses  than  to 
the  much  higher  doses  from  electrons.  From  the  literature  on  crystalline 
Si02,  Fowler  et  al . noted  that  a fast  neutron  fluence  of  -10^^/m^,  equivalent 
to  -4  X 10^  Gy,  caused  amorphization,  while  -10^^  Gy  was  required  to  attain 
the  same  level  of  damage  in  the  electron  microscope. 

Figure  1.2.12,  from  Laermans  and  Daudin  [1980],  shows  the  decrease  in  low 
temperature  thermal  conductivity  of  quartz  after  ambient  neutron  and  electron 
irradiation;  the  thermal  conductivity  of  the  neutron- irradiated  material  fell 
far  below  the  conductivity  of  the  electron- irradiated  material  and  approached 
that  of  the  more  disordered  glass.  The  electron  irradiation  was  carried  out 
with  2-MeV  electrons  up  to  a fluence  of  3 x 10^^/m^.  The  fast  neutron  fluence 
was  6 X lO^^/rn^.  Baeta  and  Ashbee  [1975]  also  achieved  amorphization  of 
quartz  with  a lower  electron  beam  energy  of  200  keV.  The  required  electron 
fluence  was  not  reported,  but  evidently  was  significantly  greater  than  the 
fluence  of  -3.6  x 10^^/m^  needed  for  the  appearance  of  initial  displacement 
damage . 

Lohneysen  and  Platte  [1979]  measured  the  low  temperature  specific  heat  and 
thermal  conductivity  of  vitreous  Si02  after  ambient  3-MeV  electron  irradia- 
tion. At  their  highest  dose  of  about  2 x 10®  Gy,  no  significant  changes  were 
observed.  In  contrast,  significant  changes  in  specific  heat  were  reported  by 
Smith  et  al.  [1978]  after  a neutron  fluence  of  5 x 10^®/m^  or  less.  This 
would  be  equivalent  to  about  2 x 10^  Gy,  according  to  Fowler  et  al . [1981]. 

The  effects  observed  were  attributed  to  thermal  spikes  produced  by  the  neutron 
irradiation  but  absent  after  electron  irradiation.  The  compaction  observed  by 
Lohneysen  and  Platte  was  also  much  smaller  than  that  observed  after  neutron 
irradiation. 

Buckley  [1986]  irradiated  polycrystalline  MgAl20^  from  ambient  temperature  to 
1320  K with  electrons  of  energy  from  0.1  to  1.13  MeV  at  peak  fluxes  from  5 x 
10^V(®^*s)  to  1-'^  ^ 10^^/(m^*s).  The  material  was  irradiated  with  and  without 
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TEMPERATURE,  K 


Figure  1.2.12.  Comparison  of  cryogenic  thermal  conductivity  of  quartz  after 
electron  and  neutron  irradiation.  Data  and  citations  from  Laermans  and  Daudin 
[1980] . 
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implanted  He,  in  order  to  simulate  the  effects  of  gas  production  in  a fusion 
environment,  to  determine  whether  He  stimulates  nucleation  of  voids  in  the 
crystal  matrix.  However,  no  dislocation  loop  structures  were  generated,  and 
since  these  are  the  usual  precursors  of  voids,  it  was  not  surprising  that  no 
differences  were  detected  in  gas -free  materials  and  those  implanted  with  1000 
ppm  of  He.  However,  neutron  irradiation  was  known  to  generate  dislocation 
loops.  Buckley  surmised  that  the  chaos  generated  in  neutron- irradiated  dis- 
placement cascades  generated  a more  favorable  environment  for  dislocation  loop 
formation,  since  other  investigations  [citations,  Buckley,  1986]  indicated 
that  electron  irradiation  could  generate  loops  only  in  non-stoichiometric 
MgAl204.  Buckley  concluded  that  the  influence  of  He  void  formation  in  bulk 
MgAl204  during  fast  neutron  irradiation  could  not  be  assessed  by  simulating 
the  neutrons  with  electron  beams  of  energy  up  to  1.13  MeV.  It  is  possible 
that  electron  beams  of  much  higher  energy  could  simulate  neutron  irradiation, 
since  cascade  formation  occurs  at  higher  energies,  as  discussed  in  §1.2.2. 

Buckley  did,  however,  report  serious  degradation  in  MgAl204  from  low-energy 
electron  irradiation.  The  significant  microstructural  effects  that  Buckley 
observed  at  electron  energies  up  to  1.13  MeV  appeared  to  be  side  effects 
derived  from  the  inhomogeneity  of  the  electron  beam  which  induced  internal 
electric  fields.  These  fields  electrolyzed  the  material  into  its  component 
elements,  leaving  Mg- deficient  spinel  compositions  that  decomposed  into  cor- 
undum (AI2O3) . The  source  of  the  internal  electric  fields  was  hypothesized 
to  be  the  ballistic  recoil  of  secondary  electrons,  as  discussed  in  §1.2.2. 

If  this  interpretation  of  the  damage  is  correct,  this  is  an  ionization-related 
phenomenon,  that  presumably  would  be  less  important  at  higher  electron  ener- 
gies [Equation  (1.7)]. 

In  contrast  to  most  reports  indicating  a lack  of  equivalence  of  neutron  and 
electron  irradiations.  Comer  [1972]  reported  that  enough  thermal  excitation 
was  generated  with  high  fluence,  100-keV  electron  irradiation  of  quartz  to 
produce  the  Dauphine  twins  that  Comes  et  al.  had  proposed  to  explain  results 
of  their  neutron  irradiation  to  10^^  to  10^^/m^  [citation.  Comer,  1972].  A 
typical  electron  fluence  for  the  generation  of  twins  was  5 x 10^^/m^.  In  this 
case,  the  microstructure  after  relatively  low-energy  electron  irradiation 
appeared  similar  to  that  obtained  from  neutron  irradiation.  However,  in 
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contrast  to  ceramic  oxides,  quartz  undergoes  some  displacement  damage  from 
ionizating  radiation.  Comes  et  al . suggested  that  the  Dauphine  twins  were 
formed  after  rotation  of  SiO^  tetrahedra,  a type  of  damage  hypothesized  to 
occur  during  ionizing  radiation  (see  §6.1). 

1.2.4.  Damage  Production  by  y Rays:  Theory 

The  basic  processes  by  which  y rays  or  photons  interact  with  matter  are 
described  well  by  Kircher  [1964].  As  Figure  1.2.13  illustrates,  for  atomic 
numbers  in  the  range  of  about  6 to  30,  which  includes  most  inorganic  insula- 
tions, the  Compton  effect  is  expected  to  predominate.  In  this  process, 
schematically  illustrated  in  Figure  1.2.14,  the  y ray  undergoes  an  elastic 
collision  with  an  orbital  electron.  Part  of  the  y-ray  energy  is  transferred 
to  the  electron,  and  the  y ray  is  scattered  with  reduced  energy.  (The  kinetic 
energy  of  the  ion  is  nearly  unchanged.)  Thus,  energetic  electrons  are  pro- 
duced from  the  Compton  effect,  and  it  is  these  electrons  which  actually  cause 
most  of  the  damage  produced  in  a material  irradiated  by  y rays.  Hence,  much 
of  the  damage  arises  from  ionization  processes,  and  since  the  energy  of  avail- 
able radioactive  y isotopes  is  of  the  order  of  1 MeV,  Table  1.2.4  demonstrates 
that  individual  displacements,  rather  than  cascades,  will  result.  However, 
owing  to  the  longer  penetration  distance,  or  range,  of  y rays  than  of  elec- 
trons (cm  instead  of  mm) , the  damage  can  be  more  widely  distributed  within  the 
irradiated  material,  and  problems  of  specimen  size  do  not  usually  occur.  The 
Compton  absorption  is  essentially  independent  of  the  Z of  the  irradiated  mate- 
rial, since  the  electron  binding  energy  is  very  low  compared  to  the  incident 
7 -ray  energy. 

Several  authors  have  calculated  the  cross  sections  for  atomic  displacement 
in  solids  by  y rays.  Oen  and  Holmes  [1959]  calculated  the  atomic  cross 
sections  for  displacements  through  the  Compton  effect.  An  example  of  their 
results  is  given  as  a function  of  the  threshold  displacement  energy,  E^,  in 
Figure  1.2.15.  As  noted  by  Dell  et  al.  [1979],  for  elements  with  Z < 50,  the 
Compton  displacement  cross  section  is  less  than  3 barns  (3  x 10“^®  m^)  . This 
contrasts  with  the  much  higher  values  for  neutrons  given  in  Table  1.2.3. 

Dell  and  Goland  [1981]  have  calculated  7- ray  displacement  cross  sections  of 
0.5  and  0.18  barn/atom  for  Al  and  0 in  AI2O3  and  values  of  0.016,  0.050,  and 
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Figure  1.2.13.  Interaction  mechanisms  of  7 rays  with  matter,  illustrating  the 
dependence  on  the  atomic  number,  Z,  of  the  absorber.  The  Compton  effect  will 
dominate  for  the  energy  range  of  7 rays  expected  at  the  TF  magnet  in  the  ITER 
reactor.  Data  from  Kircher  [1964]. 
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Figure  1.2.14.  Schematic  diagram  of  the  Compton  process,  illustrating  the 
scattered  7 ray  and  the  recoil  electron. 


36 


(barns) 


0 1 2 3 4 5 6 


GAMMA  RAY  ENERGY,  MeV 


Figure  1.2.15.  Atomic  cross  sections  for  the  production  of  primary 
displacements  of  lattice  atoms  by  7 rays  through  the  Compton  process  vs. 
energy  of  the  incident  7 ray.  Z = 4 is  the  atomic  number  and  E(j  is  as 
indicated  beside  the  curve.  Data  from  Oen  and  Holmes  [1959]. 
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0.041  barn/atom  for  Mg,  Al,  and  0 in  MgAl204.  Although  small  in  comparison 
with  neutron  cross  sections,  these  displacement  cross  sections  are  large 
enough  to  allow  observation  of  vacancies  by  optical  and  electron  spin 
resonance  (ESR)  techniques  after  relatively  low  doses  of  7 radiation.  For 
example.  Weeks  [1963]  reported  ESR  observations  of  0 ion  displacements  in 
quartz  after  about  2 x 10^  Gy  of  7 irradiation  from  a ^°Co  source.  The  number 
of  0 ions  displaced  was  calculated  to  be  -5  x 10^^/cm^ . This  corresponds  to 
about  6 X 10“^  dpa  (§6.1.2).  If  the  conversion  factor  of  10^^  neutrons/m^  = 4 
Gy  suggested  by  Fowler  et  al  [1981]  for  Si02  is  used,  then  a neutron  ioniza- 
tion dose  of  2 X 10^  Gy  results  from  a fast  neutron  fluence  of  5 x 10^^/m^. 

A typical  neutron  displacement  cross  section  would  be  about  1000  barns/atom 
(e.g..  Table  1.2.3,  allowing  for  a lower  Ejj,  §6.1).  This  would  result  in  -5 
X 10“^  dpa.  Thus,  for  inorganic  insulation,  there  is  no  question  that  7-ray 
doses  cannot  substitute  for  neutron  doses  in  simulating  damage.  (Since  a 
large  part  of  the  damage  in  organic  insulation  is  chemical  in  nature,  attempts 
have  been  made  to  substitute  neutron  dose  with  7 dose  in  testing  radiation 
resistance  of  organics.  However,  this  procedure  may  lead  to  a serious  under- 
estimate of  damage,  even  in  organics  [e.g.,  Simon,  1993;  Abe  et  al . , 1987]). 
Even  if  dpa  equivalents  are  used  instead  of  ionization  dose  equivalents  for 
inorganic  insulators,  the  same  problems  encountered  by  Buckley  [1986]  with 
electrons  should  be  expected  (§1.2.3).  Since  the  pattern  of  displacement 
distribution  within  the  material  is  different  and  stoichiometry  and  micro- 
structural  features  may  also  be  dissimilar,  simulation  of  fusion  neutron 
irradiation  damage  in  inorganic  insulations  by  7 radiation  should  be  expected 
to  be  problematic.  Experimental  observations  are  discussed  in  the  following 
section. 

1.2.5.  Experimental  Comparisons  of  Neutron  and  y-Ray  Damage 

A qualitative  examination  by  SEM  (scanning  electron  microscopy)  of  the 
difference  in  surface  microstructure  of  quartz  plates  irradiated  by  7 rays 
from  ®°Co  and  fast  neutrons  from  ^^^Am-Be  was  made  by  Bahadur  and  Parshad 
[1980].  The  7 rays  had  energies  of  1.17  and  1.33  MeV.  Figure  1.2.16  shows 
the  SEM  surface  patterns  obtained,  as  well  as  the  dose.  As  the  7- ray  dose 
increased,  both  the  density  and  size  of  the  damage  sites  increased.  The 
estimated  dpa  from  7 radiation  in  Figure  1.2.16d  (~3  x 10“^°)  corresponds  most 
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Figure  1.2.16.  Surface  microstructure  of  quartz  irradiated  as  follows: 

(a)  none;  (b)  X-ray;  (c)  7,  800  Gy;  (d)  7,  6000  Gy;  (e)  7,  10^  Gy; 

(f)  1.4  X 10^^  fast  neutrons/m^  (-0.8  Gy).  From  Bahadur,  H.;  Parshad,  R. 
1980  Radiation  Induced  Damage  on  Quartz  Crystal  Surfaces  Detected  by 
Scanning  Electron  Microscope.  Physica  Status  Solidi  (a)  59.  pp . K13-K16. 
Reprinted  with  permission  from  Akademie  Verlag  GmbH. 
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closely  to  the  neutron  irradiation  dpa  of  part  f of  that  figure  (-1  x 10“^°)  . 
However,  the  two  surfaces  appear  quite  different.  No  additional  information 
or  analysis  was  supplied  in  this  publication. 

Figure  1.2.17  from  Tanaka  et  al . [1982]  on  optical  properties  of  pure  (syn- 
thetic) vitreous  Si02  fiber  again  indicates  the  increased  damage  from  neutrons 
after  equivalent  ionization  doses  of  fast  neutrons  and  7 rays.  (The  conver- 
sion factors  suggested  by  Fowler  et  al . were  used  to  convert  fluence  to  dose.) 
The  7 irradiation  source  was  ^°Co;  the  fast  neutron  source  was  a reactor.  The 
attenuation  of  light  of  0.88-/im  wavelength  was  measured  in  situ.  Recovery  of 
the  optical  attenuation  to  near- initial  values  occurred  after  irradiation  was 
stopped.  (Tanaka  et  al . also  reported  permanent  changes  in  optical  attenua- 
tion after  extended  periods  of  irradiation  to  7 doses  of  10^  to  10^  Gy.) 

The  increase  of  DC  conductivity  of  polycrystalline,  sintered  AI2O3  during  20- 
MeV  proton  and  7 (actually,  X-ray)  irradiation  is  shown  in  Figure  1.2.18  from 
Pells  [1986].  Since  neutron  irradiation  results  in  a PKA  ion,  proton  irra- 
diation simulates  neutron  irradiation  to  some  degree  (but,  see  §1.2.6  below). 
Unfortunately,  the  highest  X-ray  dose  rate  was  not  as  high  as  the  proton  dose 
rate,  so  the  curves  in  Figure  1.2.18  are  not  completely  comparable.  However, 
the  increase  in  conductivity  under  irradiation  is  usually  described  by  a power 
law  of  the  foirm 

a = + £7o.  (1-8) 

where  R is  the  dose  rate,  Oq  is  the  initial  conductivity,  and  S is  obtained 
from  a log/log  plot  of  the  conductivity  against  dose  rate.  When  these  data 
are  analyzed  in  this  way,  a considerable  difference  between  the  proton  and 
X-ray  radiation  as  a function  of  temperature  is  evident,  as  Figure  1.2.19 
indicates.  Of  course,  the  applicability  of  these  data  to  4-K  irradiation  is 
unknown.  Since  the  proton  energy  was  20  MeV  and  the  X-ray  peak  energy  was 
60  kV,  the  latter  form  of  irradiation  supplied  only  an  ionizing  dose.  Pells 
suggested  that  the  fall  in  the  value  of  S above  SOO'C  could  be  explained  by 
the  annealing  of  Al  vacancies,  which  the  author  has  shown  to  begin  above 
400°C.  The  exponent  6 rises  again  to  superlinear  values  at  higher  tem- 
peratures, perhaps  owing  to  the  formation  of  dislocation  loops.  The  main 
feature  of  Figure  1.2.19  that  may  be  of  some  consequence  for  4-K  irradiation 
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Figure  1.2.17.  Dependence  of  induced  optical  attenuation  of  vitreous  Si02  on 
radiation  dose  from  neutron  and  7 irradiation.  Data  from  Tanaka  et  al. 

[1982] . 
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Figure  1.2.18.  Increase  in  dc  conductivity  of  polycrystalline  AI2O3  after  20- 
MeV  proton  and  X-ray  irradiation.  Data  from  Pells  [1986] . 
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Figure  1.2.19.  The  dose  rate  exponent, 
polycrystalline  AI2O3.  Data  from  Pells 
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conditions  is  the  superlinear  value  of  8 which  appears  to  level  off,  but  not 
disappear,  at  lower  temperatures.  If  an  increase  in  conductivity  extends  to 
temperatures  far  below  300  K,  then  radiation- induced  conductivity  (RIC)  could 
conceivably  be  a factor  at  4 K.  This  subject  is  discussed  in  more  detail  in 
§11  below. 

Positron  annihilation  was  used  to  study  quartz  single  crystals  that  had  been 
irradiated  with  both  7 rays  and  fast  neutrons  [van  den  Bosch  et  al. , 1983]. 

The  positron  annihilation  lifetime  spectra  provide  indications  of  the  amorphi- 
zation  process.  These  spectra  were  unchanged  up  to  a 7 dose  of  10^  Gy.  In 
neutron- irradiated  quartz,  the  spectra  evolved  with  increasing  fluence,  but 
appeared  to  saturate  at  8 x 10^^/m^,  indicating  that  the  amorphization  process 
was  also  saturated  at  that  fluence.  According  to  the  conversion  factor  used 
above  [Fowler  et  al . , 1981],  this  fluence  would  correspond  to  an  ionization 
dose  of  about  3 x 10^  Gy.  This  again  indicates  that  dose  equivalence  cannot 
be  used  for  inorganic  insulation  in  efforts  to  simulate  fast  neutron  irradia- 
tion with  7 irradiation.  (Actually,  a 7 dose  of  10®  Gy  was  also  received  by 
the  specimens  during  the  reactor  irradiation.) 

1.2.6.  Damage  Production  by  Ions:  Theory 

Except  for  the  initial  displacement  of  the  PKA  by  an  incident  neutron,  the 
actual  transfer  of  energy  from  the  neutron  to  the  lattice  atoms  occurs  through 
the  interactions  of  the  PKA  ion  and  the  secondary,  tertiary,  and  higher-order 
ions.  Therefore,  ion  irradiation  might  simulate  neutron  irradiation  damage 
well.  Ion  beams  can  be  well-defined,  monoenergetic , and  of  high  intensity,  so 
that  many  dpa  can  be  attained.  Matzke  [1982]  reviewed  investigations  that 
showed  that  at  low  doses  in  AI2O3,  up  to  160  atoms  were  displaced  per  40-keV 
Kr  ion  or  up  to  500  atoms  per  100-keV  Pb  ion;  at  high  doses,  >10^®  ions/m^, 
reordering  and  defect  recombination  became  obvious,  so  that  only  about  40 
atoms  were  displaced  per  40-keV  Pt  or  Xe  ion  in  MgO  or  AI2O3,  with  only  10 
to  20  atoms  per  ion  being  permanently  displaced  for  doses  >2  x 10^°  ions/m^. 

An  approximation  of  the  dpa  can  be  obtained  with  the  use  of  Equation  (1.2) 
for  Nd. 
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Evans  et  al . [1972]  calculated  that  a given  fluence  of  3-MeV  Ne  ions  in  MgO 
would  give  the  same  average  dpa  as  a fluence  of  fast  neutrons  that  was  a 
factor  of  10^  higher.  To  check  this  calculation  experimentally,  optical 
absorption  at  250  nm  (§§2.1,  4.1)  was  used  to  determine  the  number  of  0 
defects  from  both  neutron  and  ion  irradiation,  as  shown  in  Figure  1.2.20 
(on  the  left  axis).  (Additional  data  at  another  absorption  wavelength,  from 
an  unidentified  defect  type,  are  also  shown  in  Figure  1.2.20.)  Evans  et  al. 
cautioned  that  their  factor  of  10^  was  an  approximate  result,  probably  good  to 
within  an  order  of  magnitude.  Harrop  at  al.  [1967]  found  a factor  of  -10^  for 
Ne  ions  of  lower  energy,  65  keV,  by  comparing  the  onset  of  electrical  conduc- 
tivity changes  of  neutron-  and  ion- irradiated  Zr02  films  (see  §8.1). 

Evans  et  al.  used  calculated  values  of  the  nuclear  stopping  power  to  determine 
the  factor  of  -10^  to  apply  to  MeV  Ne  ion  fluences  to  convert  them  to  fast 
fission  fluences.  When  the  universal  nuclear  stopping  power  curve  for  ions 
presented  by  Ziegler  et  al.  [1985]  is  evaluated  for  Ne , the  stopping  power, 
dE/dx,  does  not  vary  greatly  over  the  range  from  tens  of  keV  to  several  MeV. 
Therefore,  this  factor  is  probably  a reasonable  estimator  to  apply  to  other 
ion  fluences  in  insulators  of  similar  atomic  number.  Since  the  nuclear  stop- 
ping power  cannot  be  experimentally  separated  from  the  much  larger  electronic 
stopping  power,  one  must  realize  that  most  conversions  of  ion  fluence  to 
equivalent  neutron  fluence  are  based  upon  calcuations  that  cannot  be  easily 
verified  experimentally.  The  experiments  of  Evans  et  al . and  Harrop  et  al . 
noted  above  furnish  two  examples  of  experimental  checks.  Another  example  of  a 
calculation  that  gives  a similar  conversion  factor  is  that  of  Pells  and  Murphy 
[1992].  Using  the  dpa  calculated  for  a 4-MeV  Ar-ion  fluence  for  AI2O3  with  a 
computer  program,  TRIM  (see  Figure  2.2.1,  below),  and  an  average  fission  cross 
section  of  330  barns  for  Al  and  0 in  AI2O3  from  Table  1.2.3,  a factor  of  about 
4 X 10^  is  obtained  for  the  ratio  of  equivalent  fast  neutron  fluence  to  ion 
fluence . 

Although  it  is  relatively  easy  to  obtain  sufficient  dpa,  as  Figure  1.2.20 
shows,  a number  of  difficulties  arise  with  ion  simulation  and  the  type  of 
property  change  that  can  be  measured  is  very  limited  [Billington  and  Crawford, 
1961] . The  ranges  for  suitable  ion  energies  are  usually  too  low  to  obtain 
appreciable  penetration  of  a sample.  Table  1.2.6  gives  the  calculated  ranges 
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Figure  1.2.20.  Volume  concentration  of  0 defects  (250-nm  band)  in  MgO  from 
both  fast  neutron  and  MeV  Ne  ion  bombardment,  detected  by  optical  absorption. 

The  "equivalent"  fast  neutron  fluence  is  about  10^  times  the  Ne  fluence.  The 
defect  identity  of  the  574-nm  band  was  not  known.  Data  from  Evans  et  al . [1972]. 
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Because  it  is  desirable 


for  typical  ions  of  varying  energy  in  vitreous  Si02. 
that  the  bombarding  ion  not  be  trapped  in  the  specimen,  since  it  may  be  of 
different  species  and  lead  to  spurious  results,  specimen  thicknesses  are  some- 
times limited  to  tens  of  micrometers  (or,  a few  mils).  Because  the  maximum 
damage  rate  occurs  near  the  end  of  the  range  of  the  particle,  it  is  not  easy 
to  arrange  both  for  maximum  damage  and  lack  of  contamination.  Sometimes,  ions 
of  the  host  species  can  be  used  to  avoid  this  problem,  but  the  depth  of  damage 
in  a specimen  is  still  limited.  Since  neutrons  have  a mean  free  path  of  the 
order  of  centimeters,  the  PKA  ion  damage  clusters  are  distributed  over  a con- 
siderable depth  in  neutron- irradiated  specimens.  Because  the  average  energy 
transfer  per  ion  collision  is  usually  considerably  less  than  that  for  neu- 
trons, the  local  damaged  regions  would  be  expected  to  be  much  smaller  than 
those  produced  in  neutron  cascades  [Billington  and  Crawford,  1961] . However, 
the  damaged  regions  should  still  be  much  larger  than  those  obtained  with 
electrons.  Monte  Carlo  calculation  for  14-MeV  neutron  cascades  indicated  that 
simulations  with  ions  would  be  especially  inaccurate  for  clusters  produced  by 
very  high  energy  neutrons,  owing  to  lack  of  reproducibility  of  such  features 
as  nonstoichiometry  [Ghoniem  and  Chou,  1988]. 


Table  1.2.6.  Calculated  Ranges  for  Noble-Gas  Ions  in  Vitreous  Si02. 
Calculations  from  Schroeder  and  Dieselman  [1969]. 


ENERGY, keV 

DEPTH,  nm  (A) 

ION 

Ne+ 

Ar"" 

Kr^ 

Xe-" 

50 

120  (1200) 

58  (580) 

34.5  (345) 

30  (300) 

100 

295  (2950) 

118  (1180) 

63.2  (632) 

49.5  (495) 

150 

386  (3860) 

204  (2040) 

89  (890) 

68.5  (6850) 

200 

480  (4800) 

275  (2750) 

117  (1170) 

88  (880) 

250 

678  (6780) 

428  (4280) 

175  (1750) 

124  (1240) 
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Another  difference  between  neutron  irradiation  and  ion  simulation  is  illus- 
trated in  Figure  1.2.21,  which  shows  the  distribution  in  energy  of  the  PKAs 
resulting  from  fast  neutrons , compared  to  monochromatic  ions  (protons  and  a 
particles) . The  number  of  displacements  per  PKA  is  a function  of  the  PKA 
energy,  as  indicated  in  Figure  1.2.2.  Therefore,  although  the  same  dpa  can 
be  attained  with  a monoenergetic  ion  beam  as  with  neutron  irradiation,  the 
distribution  in  size  and  extent  of  the  clusters  will  not  be  the  same.  The 
importance  of  the  PKA- energy  spectrum  for  simulation  of  radiation  damage  has 
been  investigated  by  Dierckx  [1987].  Calculations  on  the  Fe  lattice  showed 
that  radiation  damage  should  depend  on  the  PKA  spectrum,  except  for  very  high 
PKA  energies  above  0.4  MeV.  Some  authors  have  suggested  that  instead  of 
calculating  equivalent  dpa  to  compare  ion  and  nuetron  fluences,  the  energy 
deposited  per  unit  volume  should  be  compared  instead.  A review  of  this  and 
other  fundamental  aspects  of  ion  beam  simulation  has  been  given  by  Mazey 
[1990] . 

Cooling  problems  also  may  arise,  owing  to  a high  dose  rate,  although  irra- 
diations were  obtained  by  J . S.  Koehler's  group  at  the  University  of  Illinois 
in  the  1950s  at  15  K or  lower  (in  metals)  at  damage  rates  exceeding  those 
attained  in  a nuclear  reactor  at  that  time  or  even  later.  However,  the  ion 
flux  must  be  high  enough  to  allow  for  absorption  in  the  vacuum  jacketing  or 
shielding  of  cryogenic  apparatus . 

Because  the  velocities  of  the  incident  ions  are  high,  much  of  the  energy  of 
an  incident  ion  beam  is  lost  in  ionization  and  is  not  used  for  displacement. 
Crawford  [1984]  noted  that  the  ionization  intensity  was  of  great  importance  in 
determining  the  final  damage  configuration  obtained  in  ion- implanted  crystals. 
For  example,  a bond-strain  mechanism  has  been  suggested  as  a cause  of  dis- 
placement damage  in  Si02  from  ionizing  radiation,  since  displacement  damage 
(in  Si02)  has  been  observed  to  arise  from  ionizing  radiation  (see  §6.1). 

Also,  ionization  has  been  shown  to  enhance  the  amount  of  point-defect  diffu- 
sion. In  addition  to  changes  in  the  microstructure  that  may  affect  mechanical 
properties,  insulators  are  particularly  susceptible  (in  comparison  to  metals) 
to  degradation  of  electrical  properties  by  ionizing  radiation.  This  occurs 
because  the  concentration  of  valence  electrons  in  the  conduction  band  in 
polymers  and  ceramics  is  low,  owing  to  their  high  band  energy  gaps.  Ionizing 
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Figure  1.2.21.  The  PKA  spectra  of  an  Au  crystal  irradiated  with  charged 
particles,  4-MeV  a particles,  and  fast  neutrons  (fission  spectrum).  Data  from 
Agranovich  and  Kirsanov  [1986] . 
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radiation  can  excite  substantial  concentrations  of  these  valence  electrons 
into  the  conduction  band,  altering  electrical  properties  significantly  (see 
§11,  below).  Thus,  if  ions  or  other  species  are  to  simulate  neutron  damage, 
the  ratio  of  ionization  dose  to  displacement  absorbed  energy  should  be 
similar. 

Zinkle  and  Greenwood  [1993]  have  drawn  attention  to  the  factors  discussed 
above  and  calculated  estimated  ratios  of  ionizing  to  displacive  radiation 
absorbed  dose  (IDAD)  that  occur  in  ceramics  during  irradiation  in  accelerators 
and  in  fission  and  fusion  reactors.  For  ions,  the  calculated  IDAD  ratio  is 
the  spec trvun- averaged  ratio  of  the  electronic  stopping  power  to  the  nuclear 
stopping  power,  assuming  an  electron  binding  energy  of  2 eV  and  a nucleus 
displacement  energy  of  40  eV.  The  calculated  IDAD  ratios  for  AI2O3  are  given 
in  Table  1.2.7.  Electrons,  protons,  and  a particles  are  especially  poor 
simulators  of  neutrons  in  fusion  reactor  magnets,  but  that  ions  of  similar 
atomic  number  are  more  satisfactory.  The  paper  should  be  consulted  for 
further  details  of  the  calculation,  including  a discussion  of  even  smaller 
IDAD  ratios  for  neutrons  obtained  by  Dell  and  Goland  [1981]  (§1.2.1).  If  Dell 
and  Goland  are  correct,  the  discrepancy  between  electron  and  neutron  irradia- 
tion becomes  even  greater. 

A standard  treatise  on  calculating  ion  ranges,  ion  damage  distribution,  and 
dpas  in  solids  is  that  of  Ziegler  et  al . [1985].  In  addition  to  thorough 
explanations  of  the  electronic  and  nuclear  stopping  power  expressions  used  by 
Zinkle  and  Greenwood  and  other  authors,  this  book  presents  the  Monte  Garlo 
computer  program,  TRIM  (Transport  of  Ions  in  Matter) . When  comparing  their 
theoretical  calculations  to  experimental  results,  Ziegler  et  al.  noted  that 
the  nuclear  stopping  power  cannot  be  experimentally  separated  from  the  much 
larger  electronic  stopping  power. 

1.2.7.  Experimental  Comparisons  of  Neutron  and  Ion  Damage 

Rechtin  [1979]  used  TEM  to  study  the  defect  microstructure  induced  in  single- 
crystal AI2O3  by  irradiation  with  several  species  of  high  energy  ions.  Speci- 
mens of  about  50-/im  thickness  were  irradiated  at  temperatures  ranging  from  500 
to  1250  K.  Energies  of  the  He,  0,  C,  and  Ne  ions  were  0.6  or  2 MeV.  Rechtin 
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Table  1.2.7.  Ionizing  and  Displacive  Radiation  in  AI2O3  in  Various 
Irradiation  Sources.  Calculated  by  Zinkle  and  Greenwood  [1993]  using 
Experimental  Results  for  Al  and  Correcting  for  the  Density  Difference. 


Irradiadon  Source 

Ion 

Range 

Gamma/ 
Neutron 
Absorbed  Dose 

Ionization/ 
Displacements 
Absorbed  Dose 

Damage 

Rate 

(dpa/s) 

Ionizing 
Dose  Rate 
(Gv/s) 

1.8  MeV  electrons 

2.1  mm 

- 

-10,000 

- 

- 

20  MeV  protons 

1.3  mm 

- 

3800  ♦ 

1.2  X 10-8** 

2.2  X 104** 

10  MeV  protons 

0.39  mm 

- 

4400  ♦ 

1.8  X 10-8** 

3.8  X 104** 

1 MeV  protons 

8.7  pm 

- 

1900 

2.1  X 10-"^** 

2.0  X 106** 

28  MeV  He+  ions 

0.21  mm 

- 

3400  ♦ 

1.2  X 10-"^** 

2.0  X 106** 

1 MeV  He'*'  ions 

2.0  pm 

- 

820 

3.8  X 10-6** 

1.5  X 106** 

3 MeV  ions 

1.8  pm 

- 

280 

4.3  X 10-6** 

5.7  X 106** 

2 MeV  Al"^  ions 

1.2  pm 

- 

33 

4.1  X 10-4** 

6.3  X 106** 

4 MeV  Fe"*"  ions 

1.5  pm 

- 

15 

1.4  X 10-6** 

1.0  X 10'^** 

4 MeV  Zr"*"  ions 

1.1  pm 

- 

3.9 

4.0  X 10-6** 

7.5  X 106** 

Mixed  spectrum  fission 
reactor  (HFIR  RB*) 

- 

23 

107 

3.2  X 10-"^ 

1.6  X 104 

Fast  fission  reactor 

- 

1.0 

4.4 

3.8  X 10-6 

8000 

(IFl  F MO'l  A) 

Fusion  Reactor 

- 1st  wall 

- magnet  coils 

- 

0.14 

0.7  to  210 

13 

40  to  330 

1.5  X 10-6 
<2  X 10-9 

9300 

<300 

14  MeV  neutrons 
(RTNS-H) 

- 

0.01 

35 

6.8  X 10-9 

110 

^ These  calculations  neglect  displacements  due  to  nuclear  reactions,  which  can  be  significant  for  light  ion 
energies  >10  MeV  (see  D.  W.  Muir  and  J.  M.  Bunch,  in  Radiation  Effects  and  Tritium  Technology  for 
Fusion  Reactors,  p.  11-517). 

**Displacive  and  ionizing  dose  rates  calculated  for  a beam  current  of  1 jiA/cm^  of  singly  charged  ions. 
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reported  that  the  basic  nature  of  defect  structures  found,  such  as  dislocation 
loops  after  He'*’  irradiation,  were  similar  to  damage  microstructures  obtained 
from  fast  neutrons.  The  extrinsic  effects  of  the  implanted  ions  were  very 
important  in  several  cases.  For  example,  implanted  0 interstitials  caused 
preferred  nucleation  and  growth  of  dislocation  loops  on  certain  planes.  These 
extrinsic  effects  could  be  distinguished  from  the  desired  displacement  damage 
production  only  because  TEM  was  used  in  the  investigation.  This  is  another 
indication  that  it  is  preferable  to  use  host  ions  if  possible. 

Since  high  temperatures  of  irradiation  and  annealing  were  used  to  obtain  the 
effects  observed  by  Rechtin,  their  applicability  to  4-K  irradiation  is  un- 
certain. However,  McHargue  et  al . [1986]  made  very  important  observations  on 
the  effect  of  cryogenic  temperature  damage  dependent  upon  ion  species.  At 
300  K,  they  found  that  recovery  processes  were  so  highly  dominant,  that  only 
Zr  and  Zn  ions  could  produce  amorphization  in  AI2O3 . Amorphization  apparently 
could  not  be  achieved  with  the  host  cation,  Al ; some  degree  of  foreign-atom 
implantation  was  evidently  necessary  to  stabilize  the  damage.  Burnett  and 
Page  [citation,  McHargue  et  al.,  1986]  had  previously  found  that  Cr  ions 
could  also  produce  amorphization  in  AI2O3,  but  only  at  a very  high  dpa,  >600, 
However,  at  77  K,  McHargue  et  al . found  that  a Cr  fluence  -200  times  lower 
produced  amorphization,  and  that  other  ions,  including  host  ions,  also 
produced  amorphization  at  this  temperature,  since  recovery  was  suppressed. 
These  experiments  are  also  discussed  in  §§1.3  and  2.3,  below.  Since  host- ion 
irradiation  is  a fairly  good  simulator  of  neutron  irradiation,  which  damages 
the  material  through  the  host  PKAs , these  results  indicate  that  materials  that 
cannot  be  amorphized  at  ambient  temperature  by  neutrons  or  host  atoms  (e.g., 
AI2O3,  MgAl204)  may  amorphize  at  4 K after  a similar  fluence. 

Hines  and  Arndt  [1960]  found  that  the  absolute  change  in  refractive  index,  n, 
of  quartz  produced  by  ion  irradiation  with  various  species  (H,  D,  He,  Ne,  A, 

Kr,  Xe)  was  An  = 0.067  ± 0.002.  The  change  in  refractive  index  never  attained 
the  magnitude  reported  for  neutron  irradiation.  An  = 0.077.  This  was  attrib- 
uted by  Hines  and  Arndt  to  the  ordering  effect  of  the  undamaged  quartz  sub- 
strate present  in  the  ion  irradiation  specimens.  But  the  phenomenon  may  also 
indicate  the  degree  of  recovery  with  ion  irradiation  at  ambient  temperature, 
as  found  by  McHargue  et  al.  Perhaps  the  somewhat  different  distribution  of 
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the  cascade  damage  from  neutrons  makes  recovery  at  ambient  temperatures  some- 
what more  difficult  than  for  ion  irradiation. 

If  single  crystals  are  used  in  ion  irradiation  studies,  the  effect  of  channel- 
ing must  be  considered.  When  the  ions  are  incident  along  the  most  closely 
packed  atomic  row,  the  damage  rate  is  decreased  by  a factor  of  -2  to  -20, 
depending  upon  the  ion,  ion  energy,  and  target,  as  demonstrated  by  Bogh  et  al. 
[1969].  Ions  of  higher  energy  and  lighter  mass,  such  as  protons  and  a parti- 
cles exhibited  this  effect  to  a greater  degree.  This  can  be  qualitatively 
understood  by  noting  that  a slow,  heavy  ion  can  transfer  large  energies  to 
atoms  in  distant  collisions,  whereas  a fast,  light  ion  must  come  very  close  to 
an  atom  to  transfer  its  energy.  Usually,  single  crystals  are  tilted  during 
ion  irradiation  to  avoid  channeling  effects. 

Finally,  the  results  of  Macauley-Newcombe  and  Thompson  [1984]  and  Macaulay- 
Newcombe  et  al . [1990]  on  ion  irradiation  of  quartz  should  be  mentioned.  They 
found  much  more  damage  than  would  be  predicted  from  the  modified  Kinchin- Pease 
formula.  It  is  unclear  whether  part  of  the  explanation  for  the  up  to  20  times 
higher  damage  is  that  the  experiments  were  carried  out  at  50  K,  where  recovery 
would  be  inhibited,  since  the  authors  did  not  appear  to  recognize  the  possible 
role  of  temperature  and  recovery.  They  stated  that  "no  significant  differ- 
ence" was  observed  with  similar  experiments  conducted  at  300  K,  but  none  of 
the  300 -K  data  was  published.  The  excess  damage  was  attributed  to  electronic 
energy  losses,  and  other  investigators  have  also  presented  evidence  to  indi- 
cate that  displacement  damage  in  quartz  arises  from  ionization  (§6.1). 

1.3.  EFFECT  OF  IRRADIATION  TEMPERATURE  UPON  RADIATION  DAMAGE 

The  effects  of  irradiation  and  holding  temperature  upon  retained  radiation 
damage  in  metals  and  semiconductors  are  well-known  from  early  studies.  For 
example,  Simmons  and  Balluffi  [1958]  and  Vook  and  Wert  [1958]  used  X-ray 
techniques  to  measure  the  lattice  expansion  of  high-purity  Cu  at  about  10  and 
17  K during  deuteron  irradiation.  They  found  a specific  length  change,  AL/L, 
of  about  4 X 10“^^  for  each  7-MeV  deuteron/cm^ . This  length  change  was  attrib- 
uted to  Frenkel  defects  (lattice-vacancy-interstitial  pairs).  When  recovery 
of  this  effect  was  studied,  it  was  found  that  only  about  a 3 to  4%  residual 
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effect  remained  at  300  K.  (Actually,  since  an  effect  of  3 to  4%  was  equal  to 
the  experimental  error,  complete  recovery  could  have  occurred  at  300  K.)  At 
intermediate  temperatures,  if  the  stages  of  thermal  recovery  are  designated  as 
Stage  I (to  70  K) , Stage  II  (70  to  180  K) , and  Stage  III  (180  to  300  K) , then 
the  amounts  of  recovery  per  stage  were  64%,  6%,  and  26%,  respectively,  A 55% 
recovery  was  reported  between  10  and  42  K. 

Germanium  exposed  to  a fast  neutron  fluence  of  4 x 10^^/m^  at  16  K was  re- 
ported to  experience  large-scale  annealing  of  defects  at  100  K,  and  the  loss 
of  crystallinity  observed  in  interme tallies  and  Ge  was  recovered  between  77 
and  300  K [Crawford  and  Wittels,  1958],  Diamond  and  graphite  have  much  higher 
melting  points.  Diamond  may  not  exhibit  appreciable  recovery  from  lower  tem- 
perature irradiation  until  100° C [Crawford  and  Wittels,  1958],  However, 

Primak  [1956]  cites  results  of  Keating  on  graphite  that  showed  an  increase  in 
the  c-axis  lattice  spacing  of  about  6 pm  (0.06  A)  for  a neutron  fluence  of  2 x 
10^^/m^  at  -77  K + <40  K.  This  corresponds  to  0.06  x 10“^^  nm  for  each  dam- 
aging neutron/m^.  Keating  stated  that  41%  of  the  damage  annealed  when  the 
samples  were. warmed  to  a little  above  room  temperature.  This  figure  agrees 
fairly  well  with  the  size  of  the  recovery  effect  in  Cu,  but  the  agreement  may 
be  fortuitous.  When  Primak  irradiated  vitreous  Si02  in  the  same  liquid  nitro- 
gen facility  (at  Brookhaven  National  Laboratory) , he  found  that  the  density 
change  would  have  required  a 20%  higher  dose  in  the  cool- test-hole  facility 
where  temperatures  ranged  from  35  to  60°C.  Since  the  density  change  was  not 
measured  until  the  specimens  had  been  warmed  to  ambient  temperature,  the 
actual  degree  of  recovery  was  probably  larger  than  20%. 

These  data  indicate  the  risks  of  applying  even  77 -K  results  to  4-K  conditions, 
or  of  storing  specimens  at  77  K (before  testing)  after  irradiation  at  4 K. 
Application  of  results  at  ambient  temperature  and  above  to  4-K  conditions  is 
even  more  uncertain.  Ambient  temperatures  of  reactor  irradiation  are  often  40 
to  100°C  or  313  to  373  K. 

Temperature-effect  studies  of  comparable  precision  on  ceramics  are  almost 
nonexistent.  Optical  absorption  coefficients  furnish  a direct  estimate  of  the 
number  of  defects  of  a particular  type  (see  §2.1,  below).  Arnold  and  Compton 
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[1959]  showed  that  the  efficiency  of  production  of  a defect  in  vitreous  Si02 
by  2-MeV  electrons  was  about  10  times  greater  at  77  K than  at  ambient  tempera- 
ture. Figure  1.3.1  shows  these  results;  optical  measurements  were  made  at 
77  K in  both  cases.  The  defects  had  the  same  absorption  wavelengths  as  dis- 
placement defects  found  in  fast-neutron  irradiation.  Arnold  and  Compton  noted 
that  when  the  specimen  was  warmed  to  -295  K and  then  immediately  remeasured  at 
77  K,  the  absorption  bands  at  215  and  257  nm  were  reduced  to  about  half  their 
original  magnitude.  Further  loss  in  absorption  took  place  slowly  at  -295  K, 
and  the  absorption  curve  approached  the  value  obtained  when  the  irradiation 
was  initially  made  at  -295  K.  Compton  and  Arnold  [1961]  also  reported  com- 
parative X-ray  irradiation  of  vitreous  Si02  at  77  and  4 K.  Although  recovery 
from  4-K  damage  apparently  was  not  studied,  the  absorption  coefficient  peak 
measured  at  4 K was  twice  that  measured  at  77  K,  after  comparable  irradiations 
at  each  temperature. 

When  ion  irradiation  was  carried  out  to  the  degree  that  amorphization  was 
produced  in  AI2O3 , McHargue  et  al.  [1986]  reported  that  the  critical  fluence 
for  amorphization  at  77  K was  200  times  less  than  that  at  300  K.  Chromium 
ions  were  used  in  these  experiments,  but,  when  host  ions,  Al  and  0,  were  used, 
amorphization  could  only  be  achieved  at  77  K,  owing  to  the  ease  of  recovery  of 
host- ion  damage  at  ambient  temperature.  (See  also  §1.2.7,  above.) 

The  defect  density  after  irradiation  can  also  be  estimated  from  the  low  tem- 
perature thermal  conductivity  since  the  defect  contribution  to  the  thermal 
resistivity  is  additive,  to  a first  approximation.  Pryor  et  al.  [1964]  det- 
ermined the  defect  resistivity  at  77  K of  polycrystalline  BeO  irradiated  in 
a reactor  at  about  75°C.  Figure  1.3.2  compares  these  thermal  conductivity 
results  with  those  of  McDonald  [1963],  who  irradiated  and  tested  specimens  in 
situ  at  91  K.  This  comparison  indicates  that  the  number  of  defects  retained 
was  about  16  times  larger  at  91  K,  and  that  about  90%  of  the  77-K  damage  would 
anneal  at  350  K,  during  the  course  of  a month-long  irradiation.  McDonald 
showed  that  about  25%  of  the  91-K  damage  he  measured  had  annealed  at  310  K, 
after  a series  of  brief,  15 -min  intermediate  anneals  and  remeasurement  at  91  K 
(Figure  1.3.3).  Since  specimens  were  often  irradiated  above  310  K (-100"C  or 
-375  K is  common)  for  long  periods  in  other  investigations,  and  sometimes 
stored  before  300-K  measurements,  the  25%  value  probably  understates  the 
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Figure  1.3.1.  Absorption  coefficient  vs.  wavelength  for  2-MeV  electron 
irradiation  of  vitreous  silica  at  77  and  295  K.  Data  from  Arnold  and  Compton  [1959] 
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Figure  1.3.2.  Comparison  of  ~77-K  thermal  conductivity  in  BeO  after 
irradiation  (without  warm-up)  at  91  K (McDonald  [1963])  and  irradiation  at 
~75°C  (Pryor  et  al.  [1964]). 
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Figure  1.3.3.  Recovery  of  thermal  conductivity  above  100  K during  15-min. 
annealing  periods.  Data  from  McDonald  [1963]. 
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actual  annealing  in  most  experiments,  and  the  90%  value  found  by  Pryor  et  al . 
may  be  more  representative. 

Above  ambient  temperature,  the  damage  produced  by  irradiation  is  also  often 
strongly  dependent  upon  the  temperature  of  irradiation.  In  most  cases,  the 
damage  anneals  more  as  the  temperature  increases;  this  effect  is  shown  in 
Figure  1.3.4  for  the  thermal  conductivity  of  SiC,  since  the  neutron  fluence  of 
the  LAMPF  (Los  Alamos  Meson  Physics  Physics  Facility)  irradiation  was  10  times 
higher  than  that  in  the  Geesthacht  facility,  but  the  irradiation  temperatures 
were  600  and  353  K,  respectively  [Rohde,  1991].  Another  example  is  given  by 
the  radiation- induced  dimensional  changes  of  different  forms  of  polycrystal- 
line AI2O3  measured  by  Thorne  and  Howard  [1967].  Figure  1.3.5  shows  that  the 
length  changes  from  the  250°C  irradiation  are  much  larger  than  those  from  the 
700*0  irradiation.  Keilholtz  et  al . [1964]  also  found  that  volume  expansion 
decreased  with  increasing  irradiation  temperature,  which  was  varied  from  583 
to  1100*0.  The  fracture  damage  in  the  polycrystalline  BeO  this  group  examined 
also  decreased  with  increasing  irradiation  temperature. 

Tanaka  et  al.  [1982]  showed  that  the  in  situ  response  of  pure,  vitreous  Si02- 
core  fibers  to  y-radiation  decreased  as  the  irradiation  temperature  increased 
from  near  20  to  120*0.  Radiation- induced  optical  attenuation  at  0.88  /xm  was 
smaller  as  the  temperature  of  irradiation  increased  (Figure  1.3.6).  The 
authors  explained  their  results  by  recombination  theory:  trapped  electrons 
generated  by  irradiation  are  excited  to  the  conduction  band  and  become  free 
electrons.  These  electrons  can  then  move  freely  in  the  vitreous  Si02  matrix, 
and  recombine  with  positive  holes.  The  probability  of  the  recombination  of 
electrons  and  holes  increases  at  higher  temperatures.  Fiber  heating  was 
described  as  an  effective  way  to  improve  radiation  resistance. 

As  these  examples  show,  higher  irradiation  temperatures  generally  produce  less 
damage,  as  many  of  the  defects  produced  can  anneal.  However,  in  some  cases 
where  thermal  activation  of  diffusion  or  other  processes  is  necessary  for  the 
production  of  a damage  microstructure,  a higher  or  different  degree  of  damage 
is  produced  at  higher  temperatures.  For  example,  Frenkel  defects  seem  to 
migrate  to  form  dislocation  loops  in  AI2O3  at  high  temperatures. 
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Figure  1.3.4.  Thermal  conductivity  of  SiC  above  300  K after  neutron 
irradiation  at  353  and  600  K.  Data  from  Rohde  [1991] . 
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Figure  1.3.5.  Increase  in  length  of  polycrystalline  AI2O3  after  neutron 
irradiation  at  523  and  973  K.  Data  from  Thorne  and  Howard  [1967]. 
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Figure  1.3.6.  Temperature  dependence  of  induced  optical  attenuation  in 
vitreous  Si02  after  7 irradiation  at  the  indicated  temperature.  Data  from 
Tanaka  et  al . [1982]. 
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Since  the  damage  microstructure,  as  well  as  the  density  of  Frenkel  defects, 
can  vary  with  temperature,  it  is  not  possible  to  use  the  results  of  irradia- 
tions at  higher  temperatures  to  validate  inorganic  insulation  for  service  at 
4 K.  However,  since  so  few  data  are  available  at  4 K,  results  of  irradiations 
at  ambient  temperature  and  other  cryogenic  temperatures  will  be  used  in  this 
report  to  rank,  or  screen,  potential  inorganics  for  use  in  ITER  TF  magnets, 
and  to  estimate  swelling  at  4 K.  (Unless  specifically  noted  in  a figure,  the 
irradiation  temperture  for  data  presented  in  this  report  is  not  cryogenic.) 

One  way  to  derive  a predictive  factor  to  estimate  4-K  swelling  is  to  compare 
the  predicted,  theoretical  number  of  defects  (a  temperature- independent 
result)  with  those  actually  observed,  since  these  two  numbers  should  be 
approximately  equal  only  near  4 K,  where  thermal  recombination  is  very  much 
inhibited.  Figure  1.3.7  shows  this  comparison  with  theory  for  single-crystal 
MgO  under  3-MeV  Ne-ion  irradiation  [Evans,  1974].  The  F^  centers,  which 
represent  0 vacancies,  can  be  detected  by  optical  methods.  The  Lindhard, 
Scharff,  and  Schiott  [1963]  theory  was  used  to  determine  the  portion  of  the 
incident  energy  used  in  ionization  (§1.2.1).  By  subtracting  this  ionization 
energy,  the  amount  of  energy  available  for  defect  production  was  found.  At 
an  ion  fluence  of  about  10^^/m^,  before  the  decrease  in  efficiency  owing  to 
saturation- induced  recombination  (and,  the  possible  onset  of  amorphization 
[Krefft  and  EerNisse,  1978]),  the  difference  between  theory  and  experiment  is 
slightly  less  than  a factor  of  10.  The  results  for  80-K  irradiations  approach 
theory  more  closely,  but  are  still  considerably  below  it. 

Figure  1.3.8  shows  the  increase  in  swelling  of  AI2O3  under  4-MeV  Ar  ion  irra- 
diation as  the  temperature  is  lowered  [Pells  and  Murphy,  1992] . The  actual 
increase  in  swelling  produced  at  high  fluences,  rather  than  the  defect  den- 
sity, is  shown  to  be  higher  by  at  most  a factor  of  5/3,  taking  into  account 
the  estimated  error  of  the  measurement.  However,  the  swelling  was  measured  at 
ambient  temperature,  which  permitted  recovery.  Figure  1.3.9  shows  the  density 
of  defects  from  N ion  irradiation,  as  measured  by  the  optical  absorption. 
Before  saturation,  the  defect  density  was  about  a factor  of  30  higher  after 
77-K  irradiation  than  after  300-K  irradiation.  The  defect  density  was  mea- 
sured at  77  K,  without  warming  up  the  specimens.  When  a similar  experiment 
on  AI2O3  was  conducted  by  Atobe  and  Nakagawa  [1987],  the  defects  produced  by 
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Figure  1.3.7.  Oxygen  vacancies  produced  in  MgO  as  a function  of  Ne-ion 
fluence  at  80  and  300  K,  compared  with  the  Lindhard,  Scharff,  and  Schiott 
theory.  Data  from  Evans  [1974]. 
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Figure  1.3.8.  Increase  in  swelling  of  polycrystalline  AI2O3  as  Ar-ion 
irradiation  temperature  is  varied  from  890  to  200  K.  Data  from  Pells  and 
Murphy  [1992]. 
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Figure  1.3.9.  The  optical  density  at  the  peak  of  the  AI2O3  F-center  (0 
vacancy  with  2 trapped  electrons)  absorption  band  after  irradiation  with  3-MeV 
N ions.  The  nominal  dpa  scale  includes  both  Al  and  0 displacements.  Optical 
measurements  were  made  at  the  irradiation  temperature.  Data  from  Pells  and 
Murphy  [1992] . 
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neutron  irradiation  at  15  K were  measured  at  ambient  temperature.  As  Figure 
1.3.10  indicates,  the  difference  in  defect  concentration  between  irradiation 
at  15  K and  360  K was  not  so  large  as  that  determined  by  Pells  and  Murphy. 
Presumably,  this  occurred,  despite  the  lower  irradiation  temperature,  because 
specimens  were  warmed  up  before  measurement  of  the  optical  density.  The 
surviving  defects  from  the  15 -K  irradiation  were  found  to  have  a different 
(higher)  dose  dependence,  as  Figure  1.3.10  indicates.  They  also  had  a dif- 
ferent thermal  behavior,  as  indicated  by  the  annealing  curve  (Figure  1.3.11). 
Whether  these  differences  can  be  accounted  for  by  partial  annealing  at  ambient 
temperature  before  measurement,  or  indicate  real  differences  in  damage  micro- 
structure, is  unclear. 

The  largest  differences  found  between  defect  production  at  77  K and  300  K was 
the  factor  of  about  31  obtained  by  Pells  and  Murphy  for  AI2O3 . Comparable 
figures  between  4 and  77  K do  not  exist  for  insulators,  but  Vook  and  Wert 
[1958]  found  a 64%  recovery  between  17  and  70  K in  Cu,  giving  a factor  of 
about  2.8.  (A  factor  of  about  2 may  also  be  derived  from  the  7 irradiation  of 
Si02  at  4 and  77  K by  Compton  and  Arnold  [1961].)  Since  the  product  of  2.8 
and  31  is  86,  it  appears  conservative  to  estimate  a difference  of  about  100 
between  irradiation  defect  production  at  4 K and  reactor  temperatures  near 
ambient  (-40  to  60*C) . It  is  unfortunate  that  more  direct  evidence  is  not 
available,  and  a more  conservative  factor  could  be  as  high  as  500,  based  on 
the  77 -K  fluence  of  amorphization  reported  by  McHargue  et  al.,  especially 
since  some  irradiation  temperatures  and  fluences  from  early  work  are  uncertain 
[Garner  et  al.,  1990].  In  discussing  the  results  for  individual  inorganic 
insulators  in  §§2  to  10,  the  screening  factor  of  100  will  be  used,  where 
feasible,  to  estimate  their  relative  performance  at  4 K.  Since  defect  pro- 
duction is  expected  to  be  approximately  linear  with  dose  below  a neutron 
fluence  of  ambient  effects  at  10^^/m^  may  correspond  roughly  to 

effects  from  10^^/m^  at  4 K.  This  approximation  is  intended  only  to  screen 
candidate  insulators,  and  not  to  substitute  for  4-K,  in  situ  testing  to  obtain 
design  data  after  4-K  irradiation  with  a fusion-equivalent,  fast  neutron 
fluence  of  10^^/m^. 
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Figure  1.3.10.  Comparison  of  the  0 vacancy  concentration  measured  at  ambient 
temperature  after  irradiations  of  single -crystal  AI2O3  at  15  and  360  K.  Data 
from  Atobe  and  Nakagawa  [1987] . 
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Figure  1.3.11.  Annealing  behavior  at  670  K of  defects  created  at  15  and  360  K 
in  single-crystal  AI2O3.  Data  from  Atobe  and  Nakagawa  [1987] . 
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1.4.  DAMAGE  FROM  VERY  HIGH  ENERGY  NEUTRONS  (E  > 5 MeV) 


1.4.1.  General  Principles 

With  changes  in  shielding  design  from  the  CDA  to  the  EDA,  the  very  high  energy 
component  (E  > 5 MeV)  of  the  neutron  spectrvim  increased  from  about  1.7  to 
about  7%  of  the  total  neutron  fluence.  Consequently,  the  effects  of  this  part 
of  the  spectrum  are  now  of  greater  importance.  First,  an  increase  in  dis- 
placement damage  is  expected  from  an  extension  of  Figure  1.2.2  from  Norgett  et 
al.  [1975]  to  somewhat  higher  energies.  Norgett  et  al . used  energy  partition 
functions  expected  to  be  valid  below  PKA  energies  of  keV.  For  0 this 

limit  is  about  6.4  MeV.  Since  the  maximum  0 PKA  energy  is  0.22  times  the 
incident  neutron  energy,  even  for  a 10 -MeV  neutron,  the  PKA  energy  of  -2.2  MeV 
would  be  well  below  the  limit.  Constituent  PKA  energies  of  atoms  of  higher 
mass,  such  as  Al , Mg,  and  Si,  will  also  be  below  this  limit.  Using  the  sim- 
pler approximation  of  Equation  (1.2),  rather  than  the  more  elaborate  energy 
partition  formulas  given  by  Norgett  et  al.,  an  oxygen  PKA  that  received 
2.2  MeV  from  a 10-MeV  neutron  (if  E^  = 60  eV)  , could  generate,  at  most, 

-2.2  MeV/120  eV  = 18,000  displacements.  Owing  to  the  energy  lost  in  ioniza- 
tion, the  actual  damage  energy  for  displacement  will  be  lower  than  2.2  MeV  by 
a factor  of  about  3 or  4 , but  even  a yield  of  4000  to  6000  displacements  is  a 
significant  increase  over  the  yield,  or  number  of  displacements,  from  an  inci- 
dent neutron  of  -0.1-MeV  energy.  The  total  number  of  displacements  is  deter- 
mined by  the  integration  of  the  yield,  cross  section  and  flux  spectrum.  The 
cross  section  for  elastic  collisions  for  0 remains  at  or  above  a range  of  2 to 
1 X 10“^®  m^  (barns)  as  the  neutron  energy  varies  from  0.8  to  14  MeV  [McLane  et 
al.,  1988];  Figure  1.4.1  shows  that  the  cross  section  of  Si02  does  not  decline 
significantly  between  0.01  and  14  MeV  [Primak,  1980]. 

The  second  significant  effect  of  neutrons  with  E > 5 MeV  is  that  transmutation 
reactions  begin  to  occur  in  this  energy  range.  The  occurrence  of  transmuta- 
tion reactions  in  this  energy  range  may  be  understood  by  reference  to  the 
schematic  diagram.  Figure  1.4.2,  which  indicates  the  potential  energy  function 
of  a charged  particle  (proton)  and  a neutron  near  a nucleus . Although  a 
neutron  can  approach  the  nucleus  and  literally  "fall  in,”  a charged  particle 
approaching  the  nucleus  must  have  enough  kinetic  energy  (classically)  to 
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Figure  1.4.1.  The  neutron  cross  section  for  Si02  between  0.01  and  1000  MeV. 
Data  from  Primak  [1980]. 
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Figure  1.4.2.  The  potential  energy  function  of  a proton  and  a neutron  near  a 
nucleus. 
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overcome  the  Coulomb  barrier.  (Of  course,  the  principles  of  quantum  mechanics 
allow  some  penetration  of  the  barrier.)  It  is  also  clear  from  the  figure  that 
the  Coulomb  barrier  must  be  overcome  by  a charged  particle  that  is  emitted  by 
the  nucleus.  Since  it  is  only  in  the  very  high  energy  range  that  enough 
energy  is  available  to  surmount  the  barrier,  transmutation  reactions  such  as 
(n,p)  and  (n,a)  tend  to  occur  only  in  this  region  of  the  spectrum.  (There  are 
only  a few  exceptions  to  the  rule  that  thermal  neutrons  induce  solely  (n,n') 
and  (n,7)  reactions,  notably  the  ^°B(n,a)^Li  reaction.)  Because  the  radius  of 
a nucleus  is  approximately  proportional  to  the  Coulomb  potential  is 

proportional  to  . In  MeV,  for  a particles,  the  Coulomb  barrier  energy  is 
equal  to  I.IBA^'^^  [Leighton,  1959].  Thus,  the  cross  section  for  (n,a)  reac- 
tions should  be  shifted  to  a lower  energy  range  for  particles  of  lower  atomic 
mass;  Figure  1.4.3  shows  this  for  several  elements.  To  calculate  the  number 
of  transmutation  events  in  a target,  note  that  the  product  of  the  cross  sec- 
tion (for  a given  process  and  isotope)  and  the  neutron  fluence  equals  the 
probability  at  which  that  nuclear  process  occurs,  per  nucleus  of  that  isotope 
in  the  target.  The  estimated  fluence  (E  > 5 MeV)  is  1.5  x 10^^ /m^ , using 
the  fast  neutron  fluence  of  in  Table  1.1.1,  and  scaling  the  fluence 

of  5.3  X 10^^/m^  for  E > 5 MeV  given  by  Sawan  [1993]  for  a fast  neutron 
fluence  of  3.6  x 10^^/m^  (E  > 0.1  MeV)  at  the  front  layer  of  ITER  TF  magnet 
insulation. 

1.4.2.  Neutron  Damage  from  Collisions 

Merkle  [1974]  carried  out  calculations  for  Au  irradiated  by  14-MeV  neutrons 
and  found  that  elastic  scattering  events  accounted  for  less  than  20%  of  the 
cascade  damage  observed  by  TEM.  He  concluded  that  nonelastic  events  in  Au 
were  responsible  for  the  rest  of  the  damage.  (The  formulation  by  Norgett  et 
al.  encompasses  only  elastic  scattering,  but  the  authors  suggested  that  their 
calculation  should  be  extended  to  cover  all  appropriate  nuclear  reactions.) 

In  Au,  these  nonelastic  events  are  mainly  due  to  the  (n,2n)  reaction,  in  which 
the  nucleus  receives  a recoil  energy  somewhat  above  70  keV,  on  average.  This 
recoil  energy  is  large  enough  for  the  formation  of  energetic  displacement 
cascades.  Since  the  formula  for  the  recoil  energy,  E^.,  is  approximately  E^  = 
Ejj/M,  where  M is  the  target  mass,  the  effect  of  displacements  produced  by 
recoil  atoms  would  be  larger  for  the  high-energy  part  of  the  neutron  spectrum. 
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Figure  1.4.3.  He  production  cross  sections.  Data  from  Kulcinski  [1979]. 
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Cascades  of  energy  below  ~30  keV  were  not  obseirvable  with  the  TEM  techniques 
Merkle  used  for  Au;  this  observational  barrier  varies  for  different  elements, 
so  it  is  unclear  whether  or  not  there  is  an  enhancement  of  displacement  damage 
in  the  region  of  very  high  energies  due  to  recoil  damage  in  inorganic  insula- 
tors. No  relevant  investigations  on  this  point  were  found  in  this  literature 
search. 

Primak  [1980]  used  a spallation  source  to  obtain  a high  energy  neutron  spec- 
trvim  from  about  0.1  to  500  MeV.  This  source  was  used  to  irradiate  vitreous 
Si02  at  ambient  temperature,  and  the  results  were  used  to  verify  the  calcu- 
lations shown  in  Figure  1.4.4.  (The  calculations  are  based  on  an  integral  of 
the  yield  function,  cross  section,  and  neutron  energy  spectrum.)  The  figure 
indicates  an  enhancement  of  the  volume  change  in  vitreous  Si02  in  the  part  of 
the  neutron  spectrum  from  about  1 to  100  MeV,  compared  to  values  at  lower 
energies.  The  compaction  of  vitreous  Si02  should  therefore  be  increased  over 
that  measured  with  a fission  spectrum.  Primak  verified  this  result,  comparing 
this  with  the  results  for  radiation  damage  to  graphite  from  the  spallation 
source  with  that  from  a fission  reactor. 

Tanimura  et  al.  [1987]  attempted  to  compare  swelling  observed  in  ambient- 
temperature,  14-MeV  neutron  irradiation  in  MgAl20i,  with  that  obtained  from 
fission  irradiation  [Coghlan  et  al . , 1986;  §§2,7].  For  the  linear  portion  of 
the  curves  of  expansion  vs.  fluence,  they  obtained  a fractional  volume  change 
per  unit  fluence  of  neutrons  of  3 x 10“^^  cm^  for  14-MeV  neutrons,  whereas  2 x 
10“^^  cm^  had  been  reported  for  fission  neutrons.  However,  other  work  on  AI2O3 
[Evans  and  Stapelbroek,  1979]  and  MgO  [Chen  et  al . , 1975]  showed  that  twice  as 
many  vacancies  were  created  by  14-MeV  neutrons  compared  with  fission  neutrons 
of  the  same  fluence.  Bunch  and  Clinard  [1974]  obtained  a factor  of  4 differ- 
ence in  defects  created  by  14-MeV  neutrons  compared  to  those  created  by  fis- 
sion neutrons.  The  results  obtained  by  Evans  and  Stapelbroek  on  AI2O3  are 
shown  in  Figure  1.4.5.  The  reasons  for  the  disagreement  in  the  results  by 
Tanimura  et  al.  and  the  earlier  work  are  not  known,  but  the  authors  noted  that 
Coghlan  et  al.  observed  an  increase  in  swelling  of  MgAl20/,  over  several  months 
after  the  fission  reactor  irradiation,  whereas  the  fusion-neutron  swelling 
measurements  were  obtained  during  irradiation  (see  §7.2).  Also,  significant 
swelling  was  caused  in  MgAl204,  by  7 irradiation,  so  the  presence  of  7 rays  in 
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Figure  1.4.4.  The  relative  dilation  rate  in  vitreous  Si02  exposed  to  a high 
energy  spallation  source  of  neutrons.  Data  from  Primak  [1980]. 
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Figure  1.4.5.  Oxygen  vacancy  concentration  (F  and  F"^  centers)  in  AI2O3 
produced  by  14-MeV  neutrons  and  fission  neutrons.  Data  from  Evans  and 
Stapelbroek  [1979]. 
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the  reactor  irradiation  may  have  contributed  to  a higher  degree  of  swelling. 
This  effect  of  ionizing  energy  absorption  has  been  attributed  to  variations  in 
the  charge  state  of  the  predominant  point  defect  [Arnold  et  al . , 1974], 

Garner  et  al.  [1990]  reviewed  the  translation  of  fission  reactor  data  to 
fusion  devices,  but  primarily  with  regard  to  alloys  irradiated  at  higher  tem- 
peratures. However,  their  cautions  on  the  validity  of  older  data  for  fluence 
and  temperature,  as  well  as  new  data  on  the  increase  in  swelling  at  lower 
displacement  rates  may  be  relevant  to  the  interpretation  of  experiments  on 
insulators  cited  above. 

In  contrast  to  these  experiments  in  which  defect  densities  and  volume  changes 
were  compared,  Abdel-Fattah  et  al . [1981]  measured  the  14-MeV  fluence  required 
for  amorphization  of  porcelain  (§5.3).  For  both  quartz  and  alumina  porce- 
lains, amorphization  was  complete  at  a fluence  of  -2  x 10^^/m^,  whereas  a 
fission  neutron  fluence  of  -10^^/m^  was  required  for  amorphization  of  quartz 
(§6,3).  The  reason  for  the  factor  of  -10®  in  the  effectiveness  of  14-MeV 
neutrons  compared  to  fission-spectrum  neutrons  instead  of  the  factors  or  2 or 
4 found  by  others  could  be  due  to  the  differences  in  materials  compared,  or  to 
the  nonreversible  process  of  amorphization  compared  to  the  lower-fluence  pro- 
cesses of  volume  change,  which  allow  recovery.  Long  recovery  periods  may  have 
allowed  the  density  of  retained  defects  from  14-MeV  and  fission  irradiations 
to  approach  a similar  value;  this  similarity  may  not  apply  to  4-K  irradiation 
damage  from  very  high  energy  neutrons.  All  of  the  examples  in  which  the  much 
smaller  factor  was  found  were  dependent  upon  fluence  determinations  made  for 
the  RTNS  (Rotating  Target  Neutron  Source)  at  LLNL  (Lawrence  Livermore  National 
Laboratory);  Abdel-Fattah  et  al.  evidently  used  an  independent  source  of 
14-MeV  neutrons. 

1.4.3.  Production  of  a Particles  and  H Atoms 

In  §9.5.3  below,  the  possible  formation  in  mica  at  4 K of  tracks  of  damaged 
material  or  even  voids  from  a particles  is  discussed  with  regard  to  the  ther- 
mal spike  mechanism,  which  would  predict  dramatically  increased  damage  as  the 
specific  heat  decreases  at  low  temperatures.  Since  the  range  of  a particles 
is  of  the  order  of  micrometers,  it  appears  that  this  aspect -of  a-particle 
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damage  poses  an  electrical  breakdown  problem  chiefly  for  layered  materials 
that  may  delaminate  under  irradiation,  or  for  porous  or  subdivided  materials, 
rather  than  for  bulk  insulators.  However,  surface  crazing  of  vitreous  Si02  by 
a beams  of  energies  from  0.5  to  4 MeV  has  been  reported  [Primak,  1964],  and 
surface  damage  could  modify  bulk  electrical  breakdown  characteristics.  The 
dose  in  these  experiments  was  not  well-defined.  Bulk  damage  in  quartz  from 
1-MeV  a particles  at  ambient  temperature  was  due  to  atomic  collisions,  not 
ionization  processes  [Toulemonde  et  al . , 1990].  Alpha  particle  emission  ener- 
gies will  typically  be  of  the  order  of  a few  MeV. 

With  regard  to  the  influence  of  a emission  on  mechanical  properties,  several 
authors  have  observed  or  suggested  that  H and  He  will  tend  to  deposit  at  grain 
boundaries  (warm-up  may  be  required  for  diffusion  to  such  sites)  [Clinard, 
1979,  and  citations  therein].  This  could  result  in  the  weakening  of  materials 
and  even  in  grain  boundary  separation  [Keilholtz  et  al . , 1964]. 

The  effects  of  He  and  H on  the  microstructure  of  AI2O3  and  MgAl204  have  been 
investigated. by  simultaneous  irradiation  with  He''"and  Al'*'  beams  [Zinkle  and 
Kojima,  1991]  and  by  Ar'*'  irradiation  when  He  and  He  had  been  preimplanted 
[Yamada  et  al . , 1992].  The  He  generation  rate  has  been  estimated  to  be 
-100  appm  (atomic  parts  per  million)/dpa  at  the  fusion  reactor  first  wall 
[e.g..  Pells,  1988],  but  it  would  be  much  less  in  the  TF  magnets.  In  these 
experiments,  high  ratios  of  He  concentration  to  dpa  were  used  to  simulate 
first  wall  conditions,  and  some  irradiation  temperatures  also  were  well  above 
ambient.  Catastrophic  amounts  of  grain  boundary  cavitation  were  observed  in 
MgAl204  only  when  the  displacement  damage  was  large,  -20  dpa.  Cavity  forma- 
tion in  AI2O3  was  observed  even  in  specimens  irradiated  at  25°C,  even  with  a 
low  ratio  of  -9  appm/ dpa  that  would  be  characteristic  of  a fission  reactor, 
and  perhaps,  TF  magnets  [Zinkle  and  Kojima,  1991].  However,  a high  damage 
level,  -7  to  22  dpa,  was  achieved  in  these  investigations,  and  this  dpa  is  not 
expected  at  the  TF  magnets.  Cavity  formation  in  Ar"^- irradiated  MgAl20^  oc- 
curred only  at  relatively  high  temperatures  or  high  doses,  but  He  and  H were 
found  to  have  a much  smaller  effect  on  the  AI2O3  microstructure,  since  pre- 
implantation of  ions  was  not  necessary  for  cavity  formation  [Yamada  et  al., 
1992].  The  sizes  of  the  defects  were  usually  about  10  to  15  nm,  but  in  some 
cases  became  as  large  as  100  nm  (1000  A).  It  is  not  known  if  cavity  formation 
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is  important  for  4-K  magnet  insulation,  since  diffusion  should  be  very  much 
inhibited  at  least  until  warm-up  occurs.  However,  the  dpa  expected  from  a 
fast  neutron  fluence  of  lO^V™^  should  be  of  the  order  of  10  ^ to  10  ^ dpa, 
using  the  displacement  cross  section  data  for  inorganics  from  Dell  and  Goland 
[1981].  This  dpa  is  so  far  below  that  at  which  significant  cavity  formation 
was  observed  at  high  temperatures  that  an  effect  in  the  ITER  TF  magnets  seems 
unlikely,  although  lack  of  recovery  at  4 K could  increase  some  effects. 

Pells  and  Murphy  [1991]  also  simulated  transmutation  damage  in  AI2O3  and 
MgAl20^  with  preimplantation  of  He  and  H,  followed  by  Ar-ion  irradiation  at 
high  temperatures,  from  535  to  1080  K.  Figure  1.4.6  shows  that  polycrystal- 
line AI2O3  was  not  much  affected  by  the  preimplantation,  but  Figure  1.4.7 
shows  that  swelling  in  MgAl204  was  affected,  but  only  at  a high  damage  dose. 
Swelling  increased  from  less  than  1%  to  -2%  at  all  irradiation  temperatures. 

Since  there  are  so  many  differences  between  high  temperature  and  cryogenic 
irradiation,  however,  exploratory  tests  of  the  effects  of  He  and  H atoms  on 
the  cryogenic:  damage  microstructure  would  be  of  interest.  The  methods  de- 
scribed above  for  high  temperature  studies  could  be  used,  although  the  lack  of 
cryogenic  irradiation  facilities  may  make  some  procedures  unwieldy.  Another 
possibility  is  the  use  of  isotopically  tailored  ceramics  [Labauve  et  al . , 
1988].  In  this  approach,  the  thermal  neutron  reactions  ^^0(n,a)^^C  and 
^^N(n,p)^^C  were  used  in  AI2O3  and  Si3Al303N5  (sialon)  to  introduce  controlled 
amounts  of  He  and  H.  For  first  wall  simulation,  18  to  91%  isotope  addition 
was  necessary;  amounts  for  TF  magnet  simulation  should  be  much  lower. 

Table  1.4.1  from  Pells  [1988]  gives  the  calculated  transmutation  product  yield 
per  unit  dpa  for  most  of  the  insulators  considered  in  this  survey.  These  cal- 
culations were  done  for  a first  wall  spectrum,  but  since  transmutation  produc- 
tion may  be  about  a factor  of  10  lower  at  the  TF  magnets,  the  table  is  useful 
only  in  a relative  sense.  In  this  sense,  the  H production  for  AIN  is  rela- 
tively high,  but  He  production  is  similar  for  all  of  the  insulators.  Figure 
1.4.8  gives  the  (n,a)  cross  section  for  some  inorganic  insulator  atoms  of 
interest:  N,  0,  Mg,  Al,  and  Si. 
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Figure  1,4.6.  Swelling  of  polycrystalline  AI2O3  after  Ar  irradiation  at 
535  K,  with  and  without  pre implantation  of  H and  He.  Data  from  Pells  and 
Murphy  [1991], 
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Figure  1.4.7.  Swelling  of  polycrystalline  MgAl204  after  Ar  irradiation  at 
535  K,  with  and  without  preimplantation  of  H and  He.  Data  from  Pells  and 
Murphy  [1991]. 
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Figure  1.4,8.  Cross  sections  for  n,a  production  for  N,  0,  Mg,  Al,  and  Si.  Very  sharp  resonance  spikes  and 
other  fine  structure  in  the  curves  are  not  shown.  Data  from  McLane  et  al.  [1988]. 


Table  1.4.1.  Calculated  Transmutation  Product  Yields  per  Unit  dpa 
for  Low  Z Insulator  Atoms.  Calculations  from  Pells  [1988]. 
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Na 
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— 

Mg 
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— 
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15 

A1 

— 

— 

— 

— 

1 

Si 

— 

2 

1 

3 

— 

Calculated  for  = 40  eV.  The  appm/dpa  ratio  may  be  adjusted 
by  multiplying  by  Ed(new)/40  eV. 


1.5.  WARM-UP:  RECOVERY  AND  ANNEALING 

It  is  difficult  to  obtain  guidance  from  the  literature  about  the  extent  of 
recovery,  during  magnet  warm-up  at  ambient  temperature,  of  damage  incurred  in 
insulators  at  4 K.  A relevant  experiment  would  require  that  a specimen  be 
irradiated  at  4 K and  that  a property  change  be  measured  in  situ.  Then, 
anneals  would  be  carried  out  for  specified  periods  at  higher  temperatures, 
after  which  the  property  would  again  be  measured  at  4 K.  Only  a few  authors 
have  followed  this  protocol,  and  only  for  initial  measurements  at  liquid 
nitrogen  temperatures,  rather  than  at  4 K.  The  results  of  McDonald  [1963] 
were  shown  above , in  Figure  1.3.3.  McDonald  measured  the  increase  in  thermal 
resistivity  of  BeO  in  situ  after  irradiations  at  about  91  K (Figure  1.5.1), 

^’^d  then  measured  the  recovery,  after  15 -min  anneals,  up  to  ambient  tempera- 
ture. The  thermal  resistivity  increased  by  a factor  of  3 after  a fast  neutron 
fluence  of  1.5  x lO^Vm^  (E  > 0.6  MeV) , but  only  about  25%  of  this  increase 
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Figure  1.5TI.  The  increase  in  thermal  resistivity  of  sintered  BeO  vs. 
irradiation  time.  Both  irradiation  and  measurement  at  ~91  K.  Data  from 
McDonald  [1963]. 
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annealed  during  recovery.  However,  this  may  have  been  due  to  the  short  anneal- 
ing periods  of  15  min. 

The  recovery  experiment  of  McDonald  was  ideal,  at  least  for  the  temperature 
range  and  annealing  times  investigated.  Several  other  recovery  experiments 
in  which  irradiation  was  also  done  at  cryogenic  temperatures  are  less  useful, 
because  the  property  measurements  were  made  at  ambient  temperature.  For  ex- 
ample, Chen  et  al.  [1969]  measured  the  250 -nm  optical  absorption  band  of  MgO 
at  ambient  temperature  after  irradiation  at  153  K.  This  band  indicates  the 
presence  of  0“  vacancies  (§4.1).  When  the  irradiated  specimens  were  annealed 
at  temperatures  up  to  600"C  for  unspecified  periods,  the  recovery  of  the  op- 
tical absorption  was  very  similar  to  that  recorded  for  specimens  irradiated 
at  about  50  to  70'C.  However,  in  both  cases,  regardless  of  the  irradiation 
history,  the  recovery  of  defects  surviving  at  ambient  temperature  was  mea- 
sured; therefore,  it  was  not  surprising  that  the  results  were  similar. 

The  same  problem  occurs  with  the  optical  absorption  measurements  of  Atobe 
et  al . [1985]  on  single -crystal  AI2O3  irradiated  at  23  K to  a fast  neutron 
fluence  of  4 x 10^°/m^.  The  203 -nm  optical  band  monitored  also  indicated  the 
presence  of  0 vacancies  or  displacements.  Again,  the  recovery  curve,  shown 
in  Figure  1.5.2,  is  based  on  ambient- temperature  measurements,  so  the  results 
indicate  the  recovery  of  defects  that  suirvived  at  ambient  temperature,  not  the 
recovery  at  ambient  temperature  of  defects  generated  at  23  K.  The  latter 
quantity  would  be  of  greater  interest  for  ITER  TF  magnets. 

Nevertheless,  these  recovery  data  and  Figures  1.5.3  to  1.5.5,  covering  high 
temperature  recovery  of  AI2O3,  MgO,  and  vitreous  Si02  after  neutron  irradia- 
tion at  ambient  temperature,  indicate  the  persistence  of  some  types  of  defects 
to  temperatures  of  about  400  to  600°C.  Figure  9.5.11  below,  on  the  annealing 
of  heavy- ion  mica  tracks,  also  indicates  persistence  of  damage  to  approxi- 
mately this  temperature  range.  These  persistent  defects  probably  reflect  the 
stabilization  of  multi-defect  clusters  that  occur  in  neutron  damage  cascades, 
owing  to  the  proximity  of  many  individual  defects . For  example , Bowen  and 
Clarke  [1964]  found  that  above  a critical  fluence  of  about  4 x 10^^/m^  (E  > 

1 MeV) , defect  clusters  (dislocation  loops)  were  so  large  in  single-crystal 
MgO  that  they  degenerated  into  a tangle  of  dislocation  lines  upon  heating  and 
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Figure  1.5^2.  Decay  of  the  optical  absorption  band  indicating  the  presence  of 
0 vacancies  in  single-crystal  AI2O3  after  neutron  irradiation  at  23  K. 

Optical  measurements  were  made  at  ambient  temperature.  Data  from  Atobe  et  al. 
[1985]. 
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DIMENSIONAL  RECOVERY. 


TIME,  h 


Figure  1.5.3.  Isotherms  of  length  recovery  of  AI2O3  irradiated  to  1.5  X 
10^^/m^.  Separate  specimens  were  used  at  each  temperature.  Data  from 
Stevanovic  and  Elston  [1967]. 
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DIMENSIONAL  RECOVERY, 


TIME,  h 


Figure  1.5^4,  Isotherms  of  length  recovery  of  MgO  irradiated  to  8 X 10^^/m^. 
All  measurements  were  made  on  the  same  speciman.  Data  from  Stevanovic  and 
Elston  [1967] . 
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DENSITY  CHANGE, 


TIME,  s 


Figure  1.5.5.  Isotherms  of  the  recovery  of  density  in  vitreous  Si02 
irradiated  to  -5.9  X 10^^/m^.  The  increase  in  density  after  irradiation  was 
about  2.7%.  Data  from  Primak  and  S23mianski  [1956]. 
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required  temperatures  of  1800°C  for  partial  recovery.  Even  at  a lower  fluence 
of  3 X 10^^/m^,  defect  clusters  accounted  for  about  a quarter  of  the  macro- 
scopic growth  seen  upon  annealing.  Therefore,  a substantial  fraction  of  the 
defects  that  survive  at  ambient  temperatures  do  not  anneal  out  easily.  What 
has  not  been  measured  is  the  fraction  of  the  total  number  of  defects  generated 
at  4 K that  these  recalcitrant  defects  compose.  There  may  be  more  clusters 
stable  at  ambient  temperature  that  are  generated  at  4 K than  would  be  generat- 
ed with  the  same  fluence  at  ambient  temperature,  owing  to  the  lower  amount  of 
recovery  at  4 K.  Therefore,  the  extent  of  recovery  from  4-K  irradiation  after 
ambient- temperature  warm-up  cannot  be  predicted  at  this  time,  and  further  re- 
search is  necessary.  Because  irradiation  damage  of  crystalline  Si02  (quartz) 
is  more  likely  to  involve  a degree  of  amorphization,  at  a given  fluence, 

Primak  et  al.  [1953]  noted  that  recovery  for  quartz  was  more  difficult  than 
for  AI2O3,  MgO  and  MgAl204,  and  that  radiation  effects  were  an  order  of  magni- 
tude larger.  Since  mica  also  has  silicate  bonding,  recovery  is  also  expected 
to  be  more  difficult.  The  next  section  (§1.6)  presents  evidence  to  show  that 
amorphization  of  ionically  bonded  solids,  such  as  ceramic  oxides,  is  diffi- 
cult, whereas  amorphization  of  covalently  bonded  solids,  such  as  Si02  (quartz) 
occurs  more  readily.  One  reason  may  be  that  recovery  (during  irradiation) 
occurs  more  easily  in  ionically  bonded  solids;  if  so,  ceramic  oxides  should 
also  recover  more  completely  from  4-K  damage  during  warm-up.  Weissman  and 
Nakij ima  [1963]  reported  the  formation  of  a hexagonal  defect  structure  in 
quartz  that  was  very  stable  and  resistant  to  prolonged  annealing  at  SOO'C 
(see  §6.2). 

1.6.  PRINCIPLES  OF  MATERIAL  SELECTION 

Attempts  have  been  made  to  predict  the  response  of  nonmetallic  solids  to 
radiation.  Naguib  and  Kelly  [1975]  examined  the  response  of  72  solids  to 
intermediate  and  high  doses  of  heavy  ions.  Table  1.6.1  summarizes  their  data 
for  the  insulators  under  consideration  in  this  review.  Three  of  the  materials 
under  consideration  are  said  to  retain  crystallinity  or,  undergo  an  amorphous - 
to -crystalline  transformation  (Zr02)  . Two  of  the  materials  undergo  a crystal- 
line-to -amorphous  transition.  Spinel,  mica,  and  porcelain  were  not  included 
in  this  analysis. 
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Table  1.6,1.  Response  of  Nonmetallic  Solids  to  Ion  Irradiation. 
See  Naguib  and  Kelly  [1975]  for  Discussion  and  Citations, 


INITIAL  STATE 

STRUCTURE  FOR 

INTERMEDIATE 

FLUENCES 

(-10i7_io27m2) 

STRUCTURE  FOR 
HIGH  FLUENCES 
(>102Vm2) 

EXAMPLES 

crystalline  or 
amorphous 

crystalline 

crystalline 

AIN,  MgO,  Zr02 

crystalline  or 
amorphous 

amorphous 

amorphous 

Phenomenological  criteria  were  developed  by  Naguib  and  Kelly  to  explain  the 
structural  changes  (or  lack  thereof)  in  these  and  other  solids.  Their  first 
criterion,  the  temperature -ratio  criterion,  is  based  on  the  thermal  spike 
model  in  which  the  irradiation  ion  is  thought  to  create  a small,  hot  disor- 
dered region  along  its  path  which  becomes  liquid,  but  then  cools  rapidly.  An 
expression  for  the  effective  duration  of  the  thermal  spike  was  obtained  from 
the  requirement  that  crystallinity  should  be  preserved  during  cooling  if  the 
crystallization  front  moves  into  the  disordered  region  by  a distance  suffi- 
ciently greater  than  the  mean  atomic  spacing,  . This  effective  duration  is 
typically  a few  picoseconds.  Further  analysis  allowed  the  derivation  of  a 
condition  for  amorphization  and  crystallization,  where  T^  is  the  temperature 
of  crystallization  and  Tj^  is  the  melting  point: 

The  substance  remains  crystalline  if  1^/1^  < (T^/Tn,)*,  or, 
the  substance  amorphizes  if  . 

Observation  on  the  structure  after  ion  irradiation  of  a number  of  substances 
suggested  that  the  critical  ratio,  (Tc/Tn,)*  ~ 0.30.  Even  if  the  thermal  spike 
model  is  not  accurate , the  criterion  that  amorphization  occurs  when  is 

greater  than  0.30  is  still  empirically  valid.  This  criterion  is  illustrated 
in  Figure  1.6.1. 

An  alternate,  crystal -structure  criterion  was  proposed  by  several  investiga- 
tors [citations  in  Naguib  and  Kelly,  1975].  In  its  usual  formulation,  this 
criterion  states  that  anisotropic  substances  tend  to  amorphize  under  ion 
irradiation,  whereas  cubic  substances  tend  to  remain  crystalline.  However, 
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Figure  1.6.1.  Thermal  criterion  for  the  occurrence  of  amorphization.  Cubic 
structures  are  underlined.  Data  from  Naguib  and  Kelly  [1975]  and  Matzke  [1982]. 
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Naguib  and  Kelly  demonstrated  that  this  criterion  was  unsatisfactory;  they 
found  22  exceptions  among  66  materials  for  which  data  were  available.  But, 
if  anisotrophy  is  considered  to  pertain  to  bond  directionality,  10  out  of  11 
cubic  materials  with  diamond  or  zincblende  structures,  both  of  which  have 
directional  bonds,  amorphize  readily,  whereas  all  19  cubic  materials  with 
either  NaCl  or  CaF2  structure,  in  which  bonds  are  nondirectional , show  good 
radiation  stability.  However,  when  the  crystal-structure  criterion  is  formu- 
lated in  this  way,  it  becomes  equivalent  to  a bond- type  criterion,  discussed 
below,  and  need  not  be  considered  separately. 

Naguib  and  Kelly  cited  earlier  work  on  bond- type  criteria,  that  is,  ionicity. 
Figure  1.6.2  illustrates  that  the  order  of  increasing  radiation  resistance  in 
materials  is  also  the  order  of  increasing  ionicity.  Naguib  and  Kelly  found 
that  a total  of  25  substances  which  amorphize  on  ion  irradiation  had  ionici- 
ties  <0.47  and  that  18  substances  which  remained  crystalline  had  values  >0.59. 
Variable  behavior  was  found  for  intermediate  ionicities.  However,  one  excep- 
tion is  AIN,  which  remains  crystalline  but  has  covalent  bonding  (ionicity  = 
0.39).  At  least  four  rationalizations  of  the  ionic -covalent  bond  criteria 
have  been  suggested: 

(1)  Amorphization  is  related  to  substitutional  disorder,  and  ionic  solids  do 
not  permit  substitutional  disorder,  because  of  the  large  increase  in  electro- 
static energy. 

(2)  The  directional  nature  of  covalent  bonds. 

(3)  The  fact  that  covalent  bonds  involve  only  short-range  interactions. 

(4)  The  difference  in  the  lattice  strain  due  to  a defect  dependency  or 
whether  the  atoms  neighboring  to  the  defect  are  ionic  or  not. 

Since  it  is  difficult  to  make  such  arguments  quantitative,  Naguib  and  Kelly 
suggested  that  the  bond- type  criterion  also  be  regarded  as  empirical. 

Burnett  and  Page  [1986]  extended  the  work  of  Naguib  and  Kelly  by  noting  that 
more  recent  irradiation  studies  showed  that  materials  with  ionicities  >0.59 
could  be  rendered  amorphous,  as  shown  by  TEM  or  RBS  (Rutherford  beam  scatter- 
ing) if  the  fluence  were  sufficiently  high.  They  introduced  an  additional 
quantity,  p(E(,rit).  ^ critical  value  of  the  energy  per  unit  voliime  that  has 
been  given  up  through  damage  processes,  that  must  be  exceeded  for  amorphiza- 
tion to  occur.  A universal  curve  was  derived  that  allows  estimation  of 
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Figure  1.6.2.  The  bond- type  criterion  for  the  occurrence  of  amorphization. 
Cubic  structures  are  underlined.  Data  from  Naguib  and  Kelly  [1975]  and  Matzke 
[1982]  . 
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p(Ecrit)  ® wide  range  of  nomnetallic  materials  (Figure  1.6.3).  The  more 

ionically  bonded  materials  require  much  greater  damage  energy  densities  to  be 
rendered  amorphous.  Burnett  and  Page  stated  that  the  theoretical  understand- 
ing of  this  difference  in  amorphization  mechanisms  operating  in  covalent  and 
ionic  materials  had  not  yet  been  attained.  They  also  reported  that  amorphiza- 
tion was  accompanied  by  considerable  softening  of  the  material,  so  that  hard- 
ness values,  which  generally  rose  with  the  initial  ion  irradiation,  often  fell 
considerably  below  the  initial  (unirradiated)  values  as  the  fluence  was 
increased. 

A property  related  to  amorphization  is  the  ability  of  fission  fragments  to 
form  tracks  in  insulators,  since  the  tracks  are  evidence  of  disordered  mate- 
rial. The  minimal  energy  loss  per  distance  necessary  for  the  formation  of  a 
track,  (dE/dx)crit)  been  correlated  with  the  thermal  conductivity  of  the 

material  [Matzke,  1982,  and  citations  therein].  Figure  1.6.4  indicates  that 
mica  and  fused  Si02  have  low  thermal  conductivities,  and  thus,  lower  values 
of  dE/dx  are  required  for  disordering.  For  AI2O3  and  MgAl20^ , which  have  much 
higher  thermal  conductivities,  fission  fragment  tracks  have  not  yet  been  ob- 
served, although  they  have  been  observed  for  Si02  and  mica. 

In  addition  to  amorphization,  irradiation  also  may  cause  changes  in  stoichiom- 
etry that  may  adversely  affect  material  properties.  Naguib  and  Kelly  cited 
various  proposed  models  to  account  for  stoichiometry  changes,  but  discussed 
only  a sputtering  model,  which  led  to  a satisfactory  criterion  for  predicting 
nonstoichiometry.  The  criterion  is  related  to  the  heats  of  atomization  for  a 
particular  degree  of  loss  of  stoichiometry.  Their  analysis  predicted  that 
a-Al203,  MgO,  Si02,  and  Zr02  would  remain  stoichiometric  during  irradiation. 
(Information  on  other  compounds  selected  for  this  review  was  not  available  at 
the  time  of  their  report.)  At  high  temperatures,  however.  Pells  and  Phillips 
[1979a, b]  reported  formation  of  Al  colloids  after  electron  irradiation  of 
AI2O3.  This  was  attributed  to  a lower  E^  for  Al  (-18  eV) , than  that  for  0 
(-72  eV) . (See  also  §2.1,  since  this  conclusion  has  been  challenged  by  other 
workers.)  Ghoniem  and  Chou  [1988]  used  a Monte  Carlo  simulation  of  neutron 
cascade  damage  to  show  that  the  stoichiometry  of  MgAl204  was  not  always 
preserved  during  irradiation. 
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Figure  1.6.3.  Relationship  between  energy  density  for  amorphization  and  the 
bonding  (ionicity)  for  several  materials.  The  data  fall  between  the  dotted 
curves,  as  shown.  Data  from  Burnett  and  Page  [1986]. 
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Figure  1,6.4.  Thermal  conductivity  vs.  critical  energy  for  track  formation  in 
insulators  used  as  nuclear  track  detectors.  Data  from  Matzke  [1982]. 
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Despite  the  prediction  that  MgAl204  would  become  nonstoichiometric  under 
irradiation,  it  is  generally  regarded  as  relatively  resistant  to  radiation. 
Youngman  [cited  in  Buckley  and  Shaibani,  1987]  presented  evidence  that  ce- 
ramics with  more  complicated  chemical  compositions,  such  as  MgAl204,  were  more 
resistant  to  fission  irradiation  than  simple  binary  compounds  such  as  AI2O3 
and  MgO.  The  unit  cell  of  MgAl204  contains  56  atoms. 

Another  factor  in  the  radiation  resistance  of  polycrystalline  materials  is 
the  atomic  structure  of  the  compound.  In  polycrystalline  materials,  grain 
boundary  separation  may  occur  if  the  specimen  structure  is  not  cubic,  since 
each  grain  undergoes  anisotropic  expansion  under  irradiation.  Thus,  a cubic 
material,  such  as  MgO  or  MgAl204 , should  be  superior  to  a noncubic  material, 
such  as  AI2O3 . 

In  addition  to  the  chemical  and  physical  properties  of  a substance,  the  form 
in  which  it  is  prepared  also  has  an  effect  on  its  radiation  resistance.  For 
compacted  powder  ceramics,  Perkins  [1984]  suggested  that  neutron  damage  had 
no  effect  on  the  strength  of  the  material  since  each  grain  would  be  affected 
individually.  Therefore,  the  fluence  limit  would  be  set  only  by  the  swelling 
limit  of  the  bulk  material.  Since  compacted  powder  ceramics  have  typical  void 
fractions  of  30%,  this  insulation  should  have  very  high  radiation  limits. 

The  results  of  Keilholtz  et  al.  [1964]  on  BeO  compacts  appear  to  agree  with 
Perkin's  principle,  since  fracturing  associated  with  grain  boundary  separation 
of  the  hot-pressed  samples  was  reported  to  be  more  severe  than  in  cold-pressed 
samples  which  should  be  less  like  the  solid  form.  Another  feature  of  the  com- 
pacted powder  form  of  a material  is  that  a cubic  structure  may  not  offer  any 
advantage  over  a noncubic  structure,  since  grains  are  not  closely  associated. 
On  the  other  hand,  a compacted  powder  may  not  serve  well  as  an  electrical 
barrier,  since  dc  resistivity  typically  is  lower  than  in  the  same  material  in 
solid  form. 

To  avoid  problems  with  irradiation  swelling,  a high-porosity  form  of  the  mate- 
rial in  question  is  sometimes  suggested,  since  voids  are  available  to  take  up 
expansion.  However,  one  experiment  indicated  that  plasma- sprayed  MgAl204  was 
relatively  vulnerable  to  disorder  under  irradiation.  Amorphization  occurred 
at  a lower  foreign- ion  fluence  than  that  for  material  of  normal  density.  This 
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experiment  is  discussed  further  in  §7.3  below.  Furthermore,  porous  materials 
can  generally  be  expected  to  have  weaker  mechanical  properties  and  lower 
electrical  breakdown  strengths. 

If  the  material  is  in  layered  form  or  otherwise  subdivided  on  a fine  scale 
(-10  nm  or  less) , a unique  problem  may  arise  with  the  electrical  breakdown 
strength.  If  certain  impurities  are  also  present,  such  as  the  thermal 

neutron  fluence  which  accompanies  the  fast  neutron  fusion  fluence  will  ac- 
tivate the  impurity,  resulting  in  the  emission  of  heavy  fission  fragments. 
These  heavy  ions  will  make  tracks  of  disordered  material  in  the  insulation, 
typically  about  10  fim  in  length.  Alpha  emission  is  an  even  more  common 
occurrence,  since  the  ITER  neutron  spectrum  is  now  more  highly  weighted  above 
5 MeV.  Alpha  emission  is  much  less  likely  to  result  in  tracks  at  ambient 
temperature  than  heavy  ions  are,  but  the  situation  at  4 K has  not  yet  been 
investigated.  If  tracks  are  the  result  of  a thermal  process,  the  decrease  in 
the  specific  heat  from  300  to  4 K of  about  3 orders  of  magnitude  may  allow 
localized  temperatures  along  the  ion  track  to  rise  to  near  the  melting  point. 
This  could  result  in  tracks  of  disordered  material.  Since  such  tracks  are 
usually  only  a few  micrometers  in  length,  unless  they  are  very  numerous,  they 
may  not  degrade  the  electrical  properties  of  a bulk  material.  In  a subdivided 
material,  however,  the  situation  is  different,  as  the  tracks  may  link  voids. 
These  problems  are  discussed  for  the  layered  structure  of  mica  in  §9.5. 

Since  natural  mica  always  contains  some  U as  an  impurity,  it  is  especially 
vulnerable  to  the  track  problem.  However,  other  materials,  such  as  natural 
quartz,  also  contain  U at  or  below  the  parts  per  10^  range  [Singh  et  al . , 

1984] , which  appears  to  be  sufficient  for  the  production  of  numerous  tracks 
under  the  expected  thermal  neutron  fluence  in  ITER  (see  §9.5  for  mica;  Singh 
et  al.  [1984]  for  quartz).  Other  elements  that  have  a high  cross  section  for 
Q emission  may  also  be  present  in  a natural  material.  Therefore,  the  avail- 
ability of  the  material  in  a synthetic  form  may  be  an  advantage  in  some  cases, 
although  processing  steps  for  both  s3mthetic  and  natural  materials  may  intro- 
duce impurities.  The  usual  activation  analysis  may  not  suffice  to  determine 
the  existence  of  these  impurities  at  the  very  low  levels  at  which  they  may 
cause  problems;  therefore,  activation  analysis  must  be  supplemented  with 
fission  and  a track  observations.  Examples  of  fission- track  analysis 
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procedures  are  given  in  Singh  et  al.  [1984]  and  in  Fleischer  and  Price  [1964]. 
There  is  evidence  that  tracks  in  some  forms  of  mica  anneal  to  some  degree, 
even  at  ambient  temperature  [Price  and  Walker,  1962a].  Therefore,  to  validate 
a material  for  4-K  use,  in  situ  observations  at  4 K after  irradiation  may  be 
necessary. 

The  irradiation  data  base  for  inorganic  materials  is  well -developed  for  only  a 
few  ceramic  insulations,  such  as  AI2O3 , MgO,  MgAl20^ , AlN,  and  Si02.  Informa- 
tion is  available  for  ambient- temperature  irradiation  (up  to  -100°C)  , on  the 
defect  density,  change  in  volume,  fluence  of  amorphization,  and  effects  on 
mechanical  and  thermal  properties.  These  data  allow  some  comparison  of  the 
materials.  Although  porcelain,  mica,  and  Zr02  are  also  considered  in  this 
review,  their  irradiation  data  base  is  almost  nonexistent.  Therefore,  in 
selecting  material,  the  extent  of  irradiation  information  should  also  be  con- 
sidered. The  availability  of  the  material  and  its  development  in  various 
forms  is  also  an  important  consideration.  For  example,  compressive  stress 
is  higher  in  fine-grained  (-2  fj,m)  AI2O3,  but  other  ceramic  oxides  may  not  be 
available  in  fine-grained  form. 
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2.  LOW  TEMPERATURE  IRRADIATION  OF  ALUMINA 


2.1.  DEFECT  DENSITY 

2.1.1.  Frenkel  Defects 

Several  experimental  and  theoretical  studies  of  optical  changes  induced  in 
AI2O3  by  fast  neutrons  have  led  to  the  association  of  certain  ultraviolet 
absorption  bands  with  electron- trapping  oxygen  vacancies  [citations  in  Evans 
and  Stapelbroek,  1979;  Atobe  et  al . , 1985].  Oxygen  vacancy  sites  with  a 
single  trapped  electron  are  called  F*”  centers;  if  two  electrons  are  trapped, 
the  site  is  termed  an  F center.  The  concentration  of  F and  F*"  centers  is 
directly  proportional  to  the  height  of  a spectral  absorption  peak  (or  the  area 
under  the  peak),  and,  therefore,  the  height  (or  area)  of  the  peak  determines 
the  concentration  of  defects  induced  in  the  material,  assuming  that  the  frac- 
tion of  defects  populated  by  electrons  is  constant.  Bunch  and  Clinard  [1974] 
used  this  technique  to  compare  the  damage  produced  by  14-MeV  neutrons  from 
the  RTNS  source  with  the  damage  produced  by  fission-reactor  neutrons  with 
E > 0.1  MeV.  A comparison  of  the  absorption  produced  by  the  two  neutron 
sources  in  Figure  2.1.1  shows  that  the  amount  of  damage  per  neutron  is  about 
4 times  greater  for  the  14-MeV  fusion  neutrons.  Evans  and  Stapelbroek  [1979] 
made  a similar  comparison  of  the  optical  absorption  spectra  they  obtained  from 
AI2O3  irradiated  in  the  RTNS  source  with  earlier  fission  data,  but  found  a 
somewhat  lower  damage  efficiency  ratio  of  2.3  ± 1 (Figure  2.1.2).  Both  in- 
vestigations used  the  same  source  of  fission  data,  that  of  Levy  [1961] , but 
Evans  and  Stapelbroek  used  error  bars  to  indicate  the  sizeable  uncertainty  in 
the  fission  fluence.  Both  investigations  used  single -crystal  sapphire  (evi- 
dently the  samples  examined  by  Evans  and  Stapelbroek  were  those  of  Bunch  and 
Clinard)  and  the  irradiation  temperatures  were  similar;  -300  K for  the  RTNS 
source  and  -345  K for  the  BNL  (Brookhaven  National  Laboratory)  reactor.  Note 
that  long  recovery  periods  may  have  resulted  in  a similar  density  of  ambient- 
temperature  retained  defects  for  both  the  14-Mev  and  fission  irradiations; 
these  results  may  not  apply  to  4-K  irradiations. 

In  the  examples  just  described,  the  optical  absorption  peak  heights  and  areas 
were  used  to  compare  the  ratio  of  displacement  defects  produced  in  AI2O3  by 
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OPTICAL  ABSORBTION  COEFFICIENT,  cm" 


PHOTON  ENERGY.  eV 


Figure  2.1.1,  Optical  absorption  of  single-crystal  AI2O3  irradiated  by  14-MeV 
neutrons  and  fission  neutrons.  Data  from  Bunch  and  Clinard  [1974]. 
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VACANCY  CONCENTRATION.  cm“ 
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Alumina  Ambient  Irradiation 

(Single  Crystal)  (14  MeV;  fission) 
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NEUTRON  FLUENCE,  m"^ 


Figure  2.1.2.  Oxygen  vacancy  concentration  (F  and  F'*'  centers)  of  single- 
crystal AI2O3  for  14-MeV  neutrons  and  fission  neutrons.  Data  from  Evans  and 
Stapelbroek  [1979]. 
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neutrons  of  different  energies.  However,  the  actual  number  of  defects  giving 
rise  to  the  optical  absorption  peak  can  also  be  calculated,  if  values  for  cer- 
tain parameters  are  known.  Evans  and  Stapelbroek  used  the  equation  of  Smakula 
[citation,  Evans  and  Stapelbroek,  1979]  to  calculate  the  volume  concentration 
of  F and  centers : 

Nf(cm-3)  = 0.87  X 10^^  [n/(2+n)2]ctAE,  (2.1) 

where  n is  the  optical  index  of  refraction  at  the  absorption  band  peak,  a is 
the  optical  absorption  coefficient  at  the  band  maximum,  and  AE  is  the  band 
full  width  at  half  maximum.  The  value  chosen  for  the  oscillator  strength,  f, 
and  other  details  of  the  calculation  are  explained  in  the  paper.  Figure  2.1.2 
shows  that  there  is  a difference  of  an  order  of  magnitude  between  the  theo- 
retical estimate  of  lattice  defects  from  a modified  Kinchin-Pease  equation  and 
the  observed  density  of  optically  determined  defects.  Using  E^CO)  = 76  eV  as 
suggested  by  Pells  and  Phillips  [1979a]  instead  of  90  eV  in  the  theoretical 
calculation  would  increase  the  disagreement  with  theory  slightly.  Using  an  Ej 
of  30  eV  [Greenwood,  1990]  would  increase  the  disagreement  with  theory  by  a 
factor  of  3,  The  reason  for  the  disagreement  with  theory  is  probably  the  high 
rate  of  recombination  of  defects  at  ambient  temperatures,  as  discussed  above 
in  §1.3  (see  also  §2.2). 

By  irradiating  single-crystal  AI2O3  at  15  K,  in  addition  to  360  K,  Atobe  and 
Nakagawa  [1987]  were  able  to  show  that  the  density  of  optically  determined 
defects  was  indeed  higher  for  the  specimens  irradiated  at  15  K,  even  though 
the  specimens  were  stored  at  77  K,  which  allowed  recovery  before  the  ambient- 
temperature  measurements.  (The  authors  stated  that  no  recovery  occurred  be- 
tween 77  K and  ambient  temperature,  but  did  not  explain  the  evidence  for  this 
statement,  nor  whether  recovery  occurred  between  15  and  77  K.)  Figures  2.1.3 
and  2.1.4  show  the  difference  in  optical  absorption  for  specimens  at  the  two 
temperatures,  and  Figure  2.1.5  compares  the  vacancy  concentrations,  calculated 
with  Equation  2.1  (see  the  reference  for  details  of  the  calculation.)  Figure 
2.1.6  compares  these  results  with  those  found  earlier  by  Evans  and  Stapelbroek 
and  by  Levy  (the  BNL  data) , The  dpa  can  be  obtained  by  dividing  the  defect 
density  by  the  number  of  atoms  per  cubic  centimeter,  1.15  x 10^^/cm^,  deter- 
mined from  a density  of  3.97  g/cm^  and  a molecular  mass  of  102  u.  From  Atobe 
and  Nakagawa' s defect  density  after  15-K  irradiation  to  a fluence  of  10^^/m^, 
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OPTICAL  DENSITY 


WAVELENGTH,  nm 


Figure  2.1.3.  Optical  absorption  of  single-crystal  AI2O3  irradiated  at  360  K, 
measured  at  ambient  temperature.  Data  from  Atobe  and  Nakagawa  [1987]. 
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OPTICAL  DENSITY 


WAVELENGTH,  nm 


Figure  2.1.4.  Optical  absorption  of  single -crystal  AI2O3  irradiated  at  15  K, 
measured  at  ambient  temperature.  Data  from  Atobe  and  Nakagawa  [1987]. 


VACANCY  CONCENTRATION,  cm" 


FAST  NEUTRON  FLUENCE,  m"^ 


Figure  2.1.5.  Comparison  of  the  0 vacancy  concentration  measured  at  ambient 
temperature  after  irradiations  of  single -crystal  AI2O3  at  15  and  360  K.  Data 
from  Atobe  and  Nakagawa  [1987] . 
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VACANCY  CONCENTRATION,  cm" 


FAST  NEUTRON  FLUENCE,  m"^ 


Figure  2.1.6.  Comparison  of  the  Atobe  and  Nakagawa  [1987]  results  with 
earlier  investigations.  From  Atobe  and  Nakagawa  [1987]. 
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a minimum  dpa  of  -5  x 10“^  is  obtained.  This  represents  displacements  that 
survive  ambient- temperature  recovery  processes.  Turner  and  Crawford  [1976] 
have  reported  that  ionizing  (7)  radiation  enhances  absorption  at  the  band 
identified  with  an  F center,  because  the  band  is  associated  with  electrons 
trapped  at  a defect  created  by  atomic  displacement.  Therefore,  the  actual 
number  of  surviving  defects  could  differ  somewhat. 

The  annealing  behavior  at  670  K of  the  defects  produced  at  15  K in  a specimen 
that  was  held  at  77  K is  compared  to  that  of  360-K  defects  in  Figure  2.1.7. 
About  50%  of  these  defects  annealed  very  quickly,  and  were  attributed  to  F 
centers.  The  remaining  defects  from  15 -K  irradiation  were  attributed  to  a 
different  type  of  defect.  The  temperature  of  the  measurements  was  not  re- 
ported. However,  the  short  annealing  time  of  about  50%  of  the  15 -K  defects 
is  in  accord  with  expectation. 

Pells  and  Murphy  [1992]  also  used  optical  absorption  to  investigate  the  pro- 
duction of  defects  in  polycrystalline  AI2O3  below  ambient  temperature.  But, 
in  contrast  to  the  experiments  of  Atobe  and  Nakagawa,  both  irradiation  (with 
IT*’  ions)  and  optical  band  measurements  were  conducted  at  the  cryogenic  tem- 
perature, 77  K.  These  results  were  discussed  above  (§1.3).  Figure  1.3.9 
shows  that  at  low  fluences,  comparable  to  the  nominal  dpa  of  lO"^  to  10“^ 
expected  in  the  ITER  TF  magnet,  the  0-vacancy  defects  measured  at  77  K were 
about  a factor  of  30  higher  than  those  measured  at  300  K.  Pells  and  Murphy 
also  reported  calculations  indicating  that  the  number  of  Al  displacements 
would  exceed  the  number  of  0 displacements  by  a factor  of  2.7. 

The  theoretical  displacement  cross  section  for  AI2O3  has  been  published  by 
Dell  and  Goland  [1981].  They  used  the  modified  Kinchin-Pease  theory  as 
extended  by  Coulter  and  Parkin  for  polyatomic  nonmetals.  The  results  were 
given  above,  in  Table  1.2.3.  Values  of  displacement  cross  section 

for  0,  range  from  403  barns  for  14-MeV  neutrons  to  about  130  to  200  barns  for 
a reactor  fission  spectrum.  Choosing  the  EBR  II  spectrum  as  approximately 
comparable  to  the  ITER  TF  magnet  spectrum  (although  there  is  less  E > 5 MeV 
content),  one  obtains  values  of  5.37  and  2 . 00  x 10“^  dpa  for  Al  and  0, 
respectively,  for  a fluence  of  10^^/m^.  This  predicted  dpa  for  0 is  about 
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Figure  2.1.7.  Annealing  behavior  at  670  K of  defects  created  at  15  and  360  K 
in  single-crystal  AI2O3.  Data  from  Atobe  and  Nakagawa  [1987]. 
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3 times  that  observed  after  ambient- temperature  measurements  of  defects 
created  at  15  K by  Atobe  and  Nakagawa. 

The  calculated  depends  inversely  upon  the  value  chosen  for  Ej,  and 

can  be  corrected  easily  if  a better  value  becomes  available.  The  displacement 
energies  for  AI2O3  were  first  measured  by  Arnold  and  Compton  [1960],  using 
optical-absorption  techniques  to  monitor  the  damage  from  electron  irradiation 
as  the  electron  energy  was  increased.  The  growth  of  the  205 -nm  optical  ab- 
sorption band  was  obseirved  and  compared  with  calculated  absorptions  that  would 
theoretically  occur  for  various  values  of  E^,  for  Al  and  0.  The  results  at 
both  77  and  -300  K implied  either  a value  of  50  ± 5 eV  for  Al  or  85  ± 5 eV  for 
0.  Since  the  type  of  defect  responsible  for  the  205-nm  absorption  band  was 
unknown  at  that  time,  it  was  not  possible  to  be  certain  which  species  was 
responsible  for  the  observed  damage. 

Later,  Pells  and  Phillips  [1979a]  used  an  alternative  method  to  determine  E^. 
They  examined  AI2O3  specimens  in  a HVEM  at  increasing  electron  beam  energies 
until  observable  damage  occurred.  Although  this  method  is  more  direct,  only 
dislocations  and  other  large  defects  can  be  observed  by  TEM;  hence,  the  auth- 
ors also  used  a Van  de  Graff  electron  accelerator  and  monitored  damage  by  the 
growth  of  optical  bands.  Also,  for  irradiation  near  ambient  temperature, 
where  the  damage  was  on  too  fine  a scale  to  be  resolvable  by  the  HVEM,  the 
threshold  was  defined  to  occur  when  a general  darkening  of  the  image  appeared. 
Figure  2.1.8  shows  the  temperature  dependence  of  the  threshold  energy  from  the 
HVEIM  measurement,  which  is  seen  to  give  two  values.  Since  the  optical  band 
studies  give  a value  of  threshold  energy  of  about  400  keV  for  0 vacancies  and 
about  175  keV  for  Al  vacancies,  the  higher  threshold  in  Figure  2.1.8  is  as- 
cribed to  Ed(0)  and  the  lower  to  E^CAl)  , as  shown  to  the  right  of  the  figure. 
Equation  (1.5)  is  used  to  obtain  the  portion  of  threshold  energy  transferred 
to  the  Al  or  0 atom,  which  gives  Ej  values  of  76  eV  for  0 and  18  eV  for  Al. 
Similar  high  values  have  been  obtained  for  other  E^CO)  measurements  in  oxides 
[citations  in  Pells  and  Phillips,  1979a]. 

The  temperature  dependence  of  the  threshold  energy  was  explained  by  the  method 
of  observation,  which  required  the  presence  of  dislocation  damage  that  was 
detectable  in  the  TEM.  Below  670  K,  detectable  dislocation  damage  did  not 
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2.1.8.  Threshold  energy  vs.  temperature;  derivation  of  displacement 
for  Al  and  0 in  AI2O3.  Data  from  Pells  and  Phillips  [1979a]  . 
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DISPLACEMENT  ENERGY  (E^),  eV 


occur  until  the  incident  particle  energy  was  sufficient  to  displace  the  more 
difficult  ion,  0,  while  above  870  K it  was  only  necessary  to  displace  the 
easier  atom.  In  fact,  Al  diffraction  rings  observed  above  870  K were  asso- 
ciated with  Al  colloidal  precipitates.  Observations  near  77  K indicated  no 
change  in  the  values  below  ambient  temperature,  but  the  data  were  not 
reported. 

Dell  and  Goland  used  the  values  of  Pells  and  Phillips  (18  eV  for  Al  and 
76  eV  for  0)  in  calculating  the  values  discussed  above.  However,  Howitt 

and  Mitchell  [1981]  have  published  a different  interpretation  of  the  data  by 
Pells  and  Phillips.  Their  group  found  a similar  decrease  in  threshold  voltage 
with  increasing  temperature  for  MgO;  but  the  effect  was  ascribed  to  the  ther- 
mally activated  escape  of  close  Frenkel  pairs  at  high  temperatures  which  would 
otherwise  recombine  at  lower  temperatures  [citations  in  Howitt  and  Mitchell, 
1981] . Under  this  interpretation,  the  observations  of  Pells  and  Phillips 
would  give  an  E^CAl)  ==  45  eV  and  an  Ecj(O)  = 75  eV  at  low  temperatures,  cor- 
responding to  the  formation  of  widely- spaced  Frenkel  pairs,  and  lower  E^ 
values  at  high  temperatures,  corresponding  to  the  formation  of  close  Frenkel 
pairs.  In  their  HVEM  studies  of  single -crystal  AI2O3  that  was  electron- 
irradiated  at  high  temperature,  Howitt  and  Mitchell  also  reported  another  area 
of  disagreement  with  Pells  and  Phillips;  they  did  not  obtain  diffraction  evi- 
dence for  Al  and  attributed  their  damage  features  not  to  Al  metal  colloids, 
but  to  voids,  similar  to  those  obtained  in  neutron  irradiation  [citations, 
Howitt  and  Mitchell,  1981].  Thus,  the  use  of  experimentally  determined  E^ 
values  to  compare  the  radiation  resistance  of  different  materials  is  not 
necessarily  straightforward. 

2.1.2.  Dislocation  Loops;  Defect  Aggregates 

To  show  that  it  is  possible  that  there  will  not  be  significant  aggregation  of 
displacement  defects  under  4-K  irradiation  or  ambient  temperature  warm-up  to 
form  dislocation  loops  or  other  clustered  structures,  the  results  of  several 
comprehensive  studies  over  a range  of  temperatures  will  be  discussed.  First, 
the  HVEM  study  by  Pells  and  Phillips  [ 1979a, b]  discussed  above  (§2.1.1)  did 
not  turn  up  evidence  of  dislocation  loops  in  AI2O3  until  temperatures  above 
about  770  K were  reached,  although  specimens  were  irradiated  near  ambient 
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temperature  with  1-MeV  electrons,  far  above  the  threshold  of  -400  keV,  Below 
770  keV,  visible  TEM  damage  consisted  of  a general  darkening  of  the  image 
dots,  thought  to  result  from  isolated  Frenkel  defects.  Precipitation  of  Al 
colloids,  as  evidenced  by  the  appearance  of  Al  diffraction  rings,  was  just 
detectable  after  annealing  damage  produced  in  300 -keV,  ambient- temperature 
irradiation  at  658  K. 

Since  defects  produced  by  electron  irradiation  are  by  nature  more  isolated 
than  those  produced  by  neutrons  (§1.2.2),  it  is  also  useful  to  examine  the 
available  data  from  ion  irradiation  to  see  if  cluster  defects  are  formed. 

Lee  et  al.  [1985]  used  TEM  to  study  results  of  irradiating  single -crystal 
AI2O3  from  500  to  900*C  with  4-MeV  Ne  and  Ar  ions  to  high  doses  of  -30  dpa. 

Half  of  the  specimens  were  doped  with  1000  appm  He  to  simulate  the  effects  of 
transmutation  gas  production.  For  irradiation  temperatures  of  500  and  600°C, 
dislocation  loops  formed,  but  networks  of  dislocations  did  not  appear  until 
700°C.  In  general,  the  effect  of  He  on  the  dislocation  microstructure  was  to 
increase  the  loop  and  network  densities.  Figure  2.1.9  shows  the  general  trend 
of  data  at  500”C.  Loop  sizes  also  increased  with  temperature.  Voids  were 
generally  not  seen  at  500  and  600°C.  Swelling  of  -0.5%  was  not  reported  until 
700°C,  and  was  increased  by  He  doping.  Since  irradiation  temperatures  in  this 
study  did  not  extend  below  500°C  or  to  lower  doses,  it  is  not  possible  to 
conclude  from  this  report  that  dislocation  loops  do  not  form  from  cascade 
neutron  or  ion  damage  at  lower  temperatures . 

A comparison  of  the  defects  observed  in  neutron- irradiated  AI2O3  and  MgO  was 
made  by  Stevanovic  and  Elston  [1967]  with  TEM  at  ambient  temperature.  Numer- 
ous groups  of  point  defects  were  found  in  MgO  after  irradiation  at  60  to  80°C 
to  a fast  neutron  fluence  of  8 x 10^^/m^  (E  > 1 MeV) . In  contrast,  it  was 
very  difficult  to  observe  a few  groups  of  point  defects  in  Al  after  a higher 
fluence  of  1.5  x 10^^/m^.  Gulden  [1967]  observed  only  "fine- texture"  damage 
in  thin  foils  of  AI2O3  irradiated  to  a fluence  of  10^^/m^  below  50°C.  Dis- 
location loops  developed  only  on  annealing  at  1000*C. 
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Figure  2,1.9.  Dislocation  loop  density  vs.  dose,  dpa  in  AI2O3.  Data  from  Lee 
et  al.  [1985] . 
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2.2.  CHANGE  IN  VOLUME 


At  low  fluences  and  temperatures,  irradiation- induced  volume  change  or 
swelling  is  caused  by  Frenkel  pairs  or  clusters  of  small  size.  In  the  alkali 
halides,  the  volume  change  induced  by  irradiation  has  been  shown  to  be 
proportional  to  the  number  of  Frenkel  pairs  [citations  in  Tanimura  et  al., 
1987].  At  higher  fluences,  and,  sometimes,  higher  temperatures,  the  ani- 
sotropy of  expansion  of  non-cubic  material  such  as  AI2O3  is  of  concern,  owing 
to  the  strains  that  occur  at  the  grain  boundaries  of  polycrystalline  material. 
Under  some  conditions,  these  strains  are  sufficient  to  cause  intergranular 
cracking  and  even  powdering  of  the  material  [citations  in  Wilks  et  al.,  1967]. 

One  experiment  [Pells  and  Murphy,  1992]  provided  limited  data  on  swelling 
below  ambient  temperature.  Fine-grained,  polycrystalline  AI2O3  was  irradiated 
with  4-MeV  Ar  ions  at  temperatures  ranging  from  800  K to  200  K.  After  irra- 
diation, the  swelling  was  determined  from  surface  profile  measurements  to  an 
accuracy  of  -0.3  vol.%.  Although  these  measurements  were  made  at  ambient 
temperature,  which  could  allow  some  recovery,  a striking  increase  in  volume 
was  observed,  as  the  irradiation  temperature  decreased,  as  discussed  above  in 
§1.3  (see  Figure  1.3.8).  The  swelling  at  200  K (but  not,  of  course,  at  4 K) 
can  be  estimated  by  extrapolating  the  data  shown  in  Figure  2.2.1  to  the  ex- 
pected ITER  TF-magnet  dpa  of  -5  x 10“^.  This  gives  a value  of  -0.1  vol.%, 
a very  approximate  lower  limit  for  AI2O3  under  ITER  conditions.  Because  the 
swelling  measurements  were  obtained  at  ambient  temperature,  one  could  also 
argue  that  some  degree  of  recovery  had  occurred  between  200  and  300  K. 

Although  only  limited  data  on  swelling  for  irradiation  of  AI2O3  below  ambient 
temperature  are  available,  the  data  for  ambient- temperature  irradiation  cover 
a range  of  fast-neutron  fluences  from  10^°  to  10^^/m^.  Data  up  to  about  2.3  x 
10^^/m^  were  obtained  by  Tanimura  et  al . [1987]  on  single -crystal  specimens 
irradiated  at  323  K.  Because  volume  changes  at  these  fluences  are  relatively 
small,  as  Figure  2.2.2  indicates,  a capacitance  transducer  was  used  to  obtain 
the  data.  Figure  2.2.2  also  indicates  the  difference  in  expansion  along  the 
a and  c axes.  Data  for  MgAl204,  were  also  obtained  and  are  included  in  the 
figure  for  comparative  purposes;  these  results  are  discussed  further  below 
(§7.2).  Tanimura  et  al . also  measured  optical  absorption  spectra  at  liquid 
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Figure  2.2.1.  Log/log  dependence  of  volume  swelling  upon  Ar-ion  fluence.  The 
nominal  dpa  is  calculated.  Data  from  Pells  and  Murphy  [1992]. 
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Figure  2.2.2.  Linear  expansion,  AL/L,  of  AI2O3  and  MgAl204, . Data  from 
Tanimura  et  al.  [1987]. 
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nitrogen  temperature  and  found  the  concentration  of  vacancies  generated  by 
irradiation  with  2.95  x 10^^  neutrons/m^  to  be  2 x 10^®  cm“®,  which  fitted 
with  an  extrapolation  of  the  results  obtained  by  Evans  and  Stapelbroek  dis- 
cussed above  (see  Figure  2.1.2).  This  gave  a volume  per  Frenkel  pair  in  AI2O3 
of  0.4  molecular  volume,  where  the  volume  change  was  taken  to  be  the  length 
change  along  the  c axis  plus  twice  that  along  the  a axis.  Data  at  slightly 
higher  fluences  at  30*C  were  obtained  by  Martin  [1959]  on  single-crystal 
AI2O3 . The  data  are  shown  in  Figure  2.2.3  as  a function  of  slow  neutron 
f luence . The  reported  accuracy  of  the  length  measurements  was  about  5 ppm 
(0.0005%).  Data  at  lower  fluences  appear  to  be  in  approximate  accord  with 
those  of  Tanimura  et  al . 

Data  for  a higher  range  of  fission  fast  neutron  fluence  (E  > 1 MeV)  were  re- 
ported by  Wilks  et  al.  [1967].  The  irradiation  temperature  was  150*0.  These 
data,  also  obtained  on  single -crystal  Al  for  both  the  a and  c axes,  are  shown 
in  Figure  2.2.4,  and  are  in  approximate  agreement  with  the  results  of  Martin. 
Initially,  at  fluences  below  about  10^®/m^,  Wilks  et  al.  reported  that  the 
expansion  along  the  c axis  was  slightly  larger  than  that  along  the  a axis; 
however,  there  is  a crossover  point  between  3 and  5 x 10^^/m^.  This  crossover 
was  substantiated  when  more  data  were  obtained  at  lower  fluences  with  the 
"608"  apparatus;  these  data  are  not  shown  in  Figure  2.2.4.  The  apparent  dis- 
continuity in  the  expansion  was  attributed  to  an  uncertainty  in  the  fluence 
calibration  or  to  differences  in  spectra.  There  appears  to  be  some  degree  of 
saturation  at  a fluence  of  about  1 x 10^^ /m^  at  150°C,  but  Pells  and  Murphy 
[1992]  confirmed  that  saturation  in  defect  density  appeared  to  be  delayed  at 
77  K,  in  comparison  to  300  K (Figure  1.3.9).  Thus,  saturation  in  volume 
swelling  at  4 K cannot  be  assumed  for  this  range  of  fluence. 

The  linear  expansion  data  of  Wilks  et  al . [1967]  end  at  a fast  neutron  fluence 
of  about  10^^/m^;  however,  data  are  available  from  just  below  this  fluence  to 
about  5 X 10^^/m^  in  a review  by  Wilks  [1968]  (Figure  2.2.5).  The  irradiation 
temperatures  of  -100°C  are  slightly  lower  than  those  of  Wilks  et  al.  Not  much 
difference  is  seen  between  expansion  along  the  a and  c axes  until  about  4 x 
10^^/m^.  The  reversal  of  a and  c expansion  reported  by  Wilks  at  about  6 x 
10^^/m^  does  not  appear  (Figure  2.2.4).  Some  linear  expansion  data  at  much 
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LINEAR  EXPANSION. 


Figure  2.2.3.  Linear  expansion,  AL/L,  of  AI2O3  single  crystals.  Data  from 
Martin  [1959]. 
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Figure  2.2.4.  Linear  expansion,  AL/L,  of  AI2O3  single  crystals  during  neutron 
irradiation  at  423  K.  Data  from  Wilks  et  al.  [1967]. 
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LINEAR  EXPANSION 


NEUTRON  FLUENCE,  lO^Vm^  {E  > 1 MeV) 


Figure  2.2.5.  Linear  expansion,  AL/L,  of  AI2O3  single  crystals.  A few  higher 
irradiation  temperatures  are  indicated  on  the  graph.  Data  and  citations  from 
Wilks  [1968]. 
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higher  irradiation  temperatures  are  shown;  these  values  are  significantly 
lower,  probably  owing  to  the  greater  degree  of  damage  recovery. 

For  irradiation  at  ~100°C  (373  K)  , Hickman  and  Walker  [citation,  Wilks,  1968] 
reported  that  the  macroscopic  density  change  was  not  equal  to  the  density 
change  that  would  be  calculated  from  the  change  in  lattice  parameters,  as 
measured  by  X-ray  diffraction.  Possible  reasons  for  this  are  discussed  by 
Wilks  [1968].  A review  of  density  changes  measured  up  to  a fast  neutron 
fluence  of  5 x 10^^/m^  was  given  by  Wilks  [1968] ; the  data  are  shown  in  Fig- 
ure 2.2.6.  The  lower  portion  of  the  curve  agrees  with  a density  change  of 
—0.1  to  —0.13%  reported  by  Antal  and  Goland  [1958]  at  a fluence  of  1.2  x 
10^^/m^  below  40*C.  The  density  change  is  about  —1%  at  a fluence  of  5 x 
10^^/m^.  This  change  is  in  good  agreement  with  the  volume  change  of  about 
+1%  at  5 X 10^^/m^  measured  by  Keilholtz  et  al.  [1971]  that  is  discussed  be- 
low (Figure  2.2.7).  No  microcracking  was  observed  by  optical  techniques  in 
fluences  up  to  this  value  [citations,  Wilks,  1968].  However,  microcracking 
visualized  by  X-ray  microscopy  was  reported  in  polycrystalline  material  of 
50-fim  grain  size  and  7.5%  porosity  after  irradiation  at  150*C  to  a fluence  of 

3.2  X lO^Vm^,  but  was  said  not  to  occur  in  single  crystals  and  polycrystal- 
line material  of  37 -/xm  grain  size  and  0.5%  porosity,  at  a higher  fluence  of 

1.3  X 10^^/m^  [Higgins,  1964,  citation,  Wilks,  1968].  Higgins  concluded  that 
microcracking  depended  upon  a high  porosity,  and  that  the  cracks  nucleated  at 
the  pores  between  grains.  This  could  indicate  microcracking  problems  in 
plasma- sprayed  AI2O3,  because  porosity  is  usually  much  higher  than  in  the 
sintered  material. 

From  their  results  on  single  crystals,  Wilks  et  al.  [1967]  calculated  the 
maximum  intergranular  strain  expected  in  polycrystalline  AI2O3  after  irra- 
diation at  150°C  (423  K)  , including  the  residual  boundary  strain  that  arises 
from  the  anisotropic  thermal  contraction  on  cooling  from  1000°C.  It  was  as- 
sumed that  grain  boundary  relaxation  did  not  occur  below  1000°C.  The  value 
obtained  for  the  strain,  e = 1.05  x 10“^,  after  a neutron  fluence  of  1.1  x 
lO^Vm^ , was  then  substituted  into  an  expression  for  the  stored  strain  energy 
per  unit  area  of  grain  boundary: 

U = (l/12)Ee(x  - c)/(l  - v2),  (2.1) 
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DENSITY  CHANGE. 


NEUTRON  FLUENCE,  lO^Vm^  (E  > 1 MeV) 


Figure  2.2.6.  Density  changes  of  both  single  and  polycrystalline  AI2O3.  Data 
and  citations  from  Wilks  [1968] . 
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NEUTRON  FLUENCE,  lO^Vm^  (E  > 1 MeV) 


Figure  1.2.1 . Volume  increase,  AV/V,  showing  some  grain  boundary  separation. 
Data  from  Keilholtz  et  al . [1971], 
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where  E is  Young's  modulus  (460  GPa) , p is  Poisson's  ratio  (0.254),  2x  is  the 
grain  diameter  (in  cm),  and  c is  the  general  crack  length,  taken  as  x/5 , a 
t3rpical  pore  size.  For  grain  sizes  below  100  /im,  U was  less  than  2y , where  y 
is  the  surface  energy  of  a boundary,  estimated  to  be  larger  than  0.9  J/m^. 
Therefore,  microcracking  was  not  expected,  in  agreement  with  the  results  cited 
for  fluences  in  the  range  of  1 to  5 x 10^^/m^  in  polycrystalline  AI2O3. 

Keilholtz  et  al . extended  the  irradiation  of  polycrystalline  AI2O3  to  somewhat 
higher  fluences  at  low  temperatures,  obtaining  the  volume  changes  shown  in 
Figure  2.2.7.  Grain  boundary  separation  was  observed  above  about  2.3  x 
10^^/m^  (E  > 1 MeV)  for  irradiations  between  110  and  325  *C,  but  no  separation 
up  to  -5.5  X 10^^/m^  if  the  irradiation  was  carried  out  between  70  to  90° C. 

At  the  higher  irradiation  temperatures  (110  to  325°C) , the  grain  boundary 
separation  became  very  severe  at  a fluence  of  4.7  x 10^^/m^,  and  many  of  the 
specimens  exposed  to  fast  fluences  greater  than  3 x 10^^/m^  were  extensively 
fractured.  At  the  lower  temperatures  (70  to  90°C) , even  metallographic  exami- 
nation of  the  specimens  did  not  reveal  grain  boundary  separation.  Stevanovic 
and  Elston  [1967]  also  did  not  find  any  change  in  the  appearance  of  the  grain 
boundary  in  sintered  AI2O3  irradiated  below  80°C  for  fluences  of  -10^*/m^. 

Their  observations  were  made  with  an  optical  microscope. 

The  quoted  temperatures  of  Keilholtz  et  al . were  not  directly  measured; 
rather,  they  were  values  calculated  from  the  7 -heat  generation  rate,  the 
thermal  conductivities  of  the  materials,  and  the  expected  heat  transfer 
properties  of  the  irradiation  assemblies.  Consequently,  the  two  temperature 
ranges  should  be  considered  valid  in  a relative,  rather  than  an  absolute, 
sense.  Therefore,  in  attempting  to  estimate  the  amount  by  which  the  critical 
fast  neutron  fluence  of  about  for  grain  boundary  separation  should  be 

downgraded  to  allow  for  irradiation  at  4 K,  the  suggested  factor  of  100  (§1.3) 
may  be  too  low,  if  the  higher  temperature  range  was  actually  considerably 
above  110  to  325°C.  However,  it  is  encouraging  that  no  grain  boundary  sep- 
aration was  observed  up  to  almost  3 x 10^^/m^  in  the  lower  temperature  range 
estimated  as  70  to  90°C,  and  that  the  volume  increase  was  very  comparable  for 
four  different  types  of  polycrystalline  AI2O3,  as  shown  below  in  Figure  2.2.8. 
These  data  indicate  that  grain  boundary  separation  is  unlikely  at  4 K at  a 
fast  neutron  fluence  of  lO^^/rn^,  but  only  in  situ  testing  would  provide  a 
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NEUTRON  FLUENCE 


Table  2.2.1.  Characteristics  of  Commercial  Alumunum  Products. 
Data  from  Keilholtz  et  al . [1971]. 


TYPE  OF  AI2O3* 

SOURCE 

BULK  DENSITY, 
g/cm^ 

AVERAGE  GRAIN 
SIZE,  fixa 

AD-995 

Coors  Porcelain  Co. 

3.86 

13 

AL-995 

Western  Gold  and 
Platinum  Co. 

3.85 

23 

Opaque  Lucalox 

General  Electric  Co. 

3.91 

6 

Translucent  Lucalox 

General  Electric  Co. 

3.96 

25 

* All  specimens  of  the  same  type  used  in  irradiation  testing  were  of  the 
same  batch. 


definitive  answer  to  this  question.  Note  that  the  materials  tested  were  all 
of  high  density  (low  porosity)  and  that  the  largest  grain  size  was  25  /im. 
Information  on  these  materials  is  given  in  Table  2.2.1. 

Figure  2.2.8  is  a composite  of  all  of  the  volume  expansion  data  obtained  after 
irradiation  near  ambient  temperature  (-323  to  423  K) . The  expression  AV/V  = 
2ALa/La  + ALc/Lc  was  used  to  combine  linear  data  with  volume  data.  The  spec- 
trum of  the  fluences,  of  course,  is  not  completely  comparable,  so  the  agree- 
ment is  satisfactory.  The  figure  includes  additional  data  from  Keilholtz  et 
al.  [1971]  on  four  different  types  of  commercial  AI2O3  products.  All  show 
very  similar  expansion  vs.  fluence , which  is  expected  because  grain  size 
should  have  no  effect  on  polycrystalline  expansion  (below  the  fluence  at  which 
grain  boundary  separation  occurs)  and  purity  also  should  have  very  little 
effect. 

Finally,  results  of  comparative  volume  expansion  measurements  on  single 
crystals  of  AI2O3  and  MgO  are  reviewed.  Desport  and  Smith  [1964]  found  very 
similar  fractional  growth  for  both  oxides  after  neutron  irradiation  at  <150'C 
to  fluences  of  -4  x 10^^/m^  and  -4  x 10^^/m^  (E  > 1 MeV) . The  percent  volume 
swelling  at  the  higher  fluence  was  about  0.35  for  MgO  and  0.41  for  AI2O3.  At 
an  intermediate  fluence  of  -1.1  x 10^^/m^,  both  oxides  swelled  by  about  0.3 
vol.%  These  amounts  could  be  representative  of  the  swelling  at  4 K from  a 


130 


fast  neutron  fluence  about  100  times  smaller.  At  lower  neutron  irradiation 
temperatures  of  60  to  80°C,  Stevanovic  and  Elston  [1967]  also  reported  similar 
changes  in  the  density  of  AI2O3  and  MgO  at  fluences  of  about  10^^/m^  (E  > 

1 MeV) . However,  the  swelling  of  MgO  per  unit  fluence  was  about  twice  that  of 
AI2O3.  The  amount  of  swelling  was  greater  than  that  reported  by  Desport  and 
Smith,  probably  owing  to  the  lower  irradiation  temperature.  This  would  indi- 
cate that  the  degree  of  swelling  after  ambient- temperature  irradiation  does 
provide  some  basis  for  selection  between  the  two  oxides. 

2.3.  AMORPHIZATION 

According  to  the  bond- type  criterion  of  Naguib  and  Kelly  [1975]  discussed  in 
§1.6  above,  materials  with  a Pauling  ionicity  of  less  than  0.6  should  amor- 
phize  easily  under  irradiation.  The  Pauling  ionicity  of  a-Al203  is  0.63 
(intermediate  ionic  bonding).  McHargue  et  al.  [1986]  irradiated  single - 
crystal  AI2O3  with  various  ions  at  77,  300,  and  640  K and  examined  the 
resulting  damage  states.  Fluences  ranging  from  10^^  to  10^^/m^  were  used 
at  energies  of  40  to  300  keV.  The  specimens  were  examined  with  Rutherford 
backscattering- ion  channeling  techniques  (RBS-C)  using  2-MeV  He  ions  to 
determine  the  depth  profile  of  the  implanted  ions,  the  distribution  of  damage, 
and  the  lattice  location  of  the  impurity.  The  chief  measure  of  damage  or 
lattice  disorder  was  the  minimum  yield,  Xmin>  determined  at  the  depth  where 
peak  damage  occurred.  The  minimum  yield  is  defined  as  the  ratio  of  the  RBS 
yield  from  an  aligned  specimen  to  the  yield  from  a randomly- oriented  specimen. 
The  data  were  presented  as  a function  of  the  calculated  dpa,  in  order  to 
compare  the  effects  from  ions  of  different  masses  and  energy.  The  dpa  were 
calculated  using  the  modified  Kinchin-Pease  equation  with  E^CAl)  = 18  eV  and 
Ed(0)  = 72  eV  and  the  treatment  of  Coulter  and  Parkin  cited  above  (§2.1.2) 
Raman  spectroscopy  and  TEM  were  also  used  to  examine  the  specimens. 

The  disorder  in  the  Al  sublattice  at  the  peak  damage  position  was  found  to  be 
about  the  same  for  irradiation  temperatures  of  300  and  640  K,  perhaps  owing  to 
the  considerable  degree  of  recovery  at  the  higher  temperature.  But  irradia- 
tion at  77  K by  Cr  ions  gave  a significantly  higher  degree  of  amorphization 
for  a given  dpa  than  irradiation  at  300  K,  as  Figure  2.3.1  indicates.  The 
amorphous  layer,  confirmed  by  TEM,  extended  well  beyond  the  peak  concentration 


131 


DISORDER  PARAMETER,  x 


1.2 


Alumina 

{Single  Crystal) 


J L 


77  & 300-K  Irrad. 

(®2Cr  Ion) 


J L 


4 6 8 

ALUMINUM  dpa 


10  12 


Figure  2.3.1.  Disorder  of  the  Al  sublattice  measured  by  RBS  after  Cr-ion 
implantation  of  AI2O3  at  the  indicated  temperatures . Data  from  McHargue  et 
al.  [1986]. 
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of  Cr,  to  about  120  run.  The  critical  fluence  for  amorphization  at  77  K cor- 
responded to  -3  dpa.  The  arrow  on  the  300 -K  curve  shows  that  disorder  in  the 
Al  lattice,  remained  constant  at  0,66  for  the  fluence  range  required  to 

produce  a dpa  from  10.9  to  109,  indicating  that  defects  were  annihilated  (re- 
covered) at  the  same  rate  as  they  were  produced.  However,  data  from  Burnett 
and  Page  [citation,  McHargue  et  al . , 1986]  indicated  that  amorphization  oc- 
curred at  300  K for  a Cr  fluence  (300  keV)  equivalent  to  600  dpa.  Hence, 
McHargue  et  al.  concluded  that  the  critical  fluence  for  Cr  amorphization  at 
77  K (-3  dpa)  was  about  200  times  less  than  that  required  at  300  K.  Figure 
2.3.1  also  indicates  that  the  dpa  required  for  a significant  degree  of  lattice 
disorder,  -0.3,  is  over  6 dpa  at  300  K,  but  about  0.2  dpa  at  77  K.  Since 
the  RBS  measurements  were  evidently  made  at  -300  K,  some  recovery  of  77-K  dam- 
age (before  complete  amorphization)  may  have  occurred. 

Because  foreign- ion  implantation  introduces  the  possibility  of  chemical 
effects  upon  the  damage  state,  specimens  were  also  implanted  with  similar 
fluences  of  Al  and  0 ions  at  77  K,  in  correct  stoichiometric  ratio.  The  Al 
fluence,  at  90  keV,  was  4 x 10^°/m^;  the  55-keV  0 fluence  was  6 x 10^°/m^. 

The  RBS  spectra  again  indicated  an  amorphous  region,  to  a similar  depth  of 
150  nm.  (Apparently,  the  threshold  fluence  required  for  amorphization  at  77  K 
was  not  established;  the  fluences  used  corresponded,  approximately,  to  fast 
neutron  fluences  about  a factor  of  lO''  to  10^  higher,  according  to  calcula- 
tions reviewed  in  §1.2.6.)  At  300  K,  however,  amorphization  could  only  be 
produced  with  certain  cations,  such  as  Zn  and  Zr.  McHargue  et  al.  concluded 
that  Zr  stabilized  the  defects  to  prevent  recovery  processes,  or  prevented  the 
disordered  regions  within  the  cascades  from  reordering.  Because  host- ion 
amorphization  occurred  at  77  K,  damage  alone  can  produce  the  amorphous  state 
if  recovery  is  suppressed.  The  degree  of  recovery  that  occurs  between  4 and 
77  K is  not  known.  Therefore,  the  dpa  and  fluences  required  for  significant 
damage  in  material  held  at  4 K may  be  much  smaller  than  expected.  Hence, 
neutron  or  host  atom  irradiation  of  ITER  insulation  and  in  situ  RBS  measure- 
ments at  4 K would  be  highly  desirable.  If  significant  amorphization  occurs 
at  4 K,  the  material  may  not  recover  after  warm-up,  since  McHargue  et  al.  were 
able  to  measure  considerable  amorphization  induced  at  77  K after  warm-up  for 
RBS  measurements. 
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Plasma- sprayed  coatings  of  AI2O3  may  amorphize  under  lower  fluences  than  those 
required  for  a single  crystal.  A comprehensive  study  showed  that  this  occurred 
for  MgAl204  (see  §7.3).  Iwamoto  et  al.  [1985a]  reported  than  an  amorphous 
layer  in  plasma- sprayed  AI2O3  formed  at  Ar  fluences  of  10^°  and  10^^/m^. 

Matzke  and  Whitton  [1966]  irradiated  single-crystal  specimens  of  AI2O3  and 
MgO,  as  well  as  other  materials,  in  an  effort  to  determine  the  dose  required 
for  amorphization.  Electron  diffraction  was  used  to  examine  the  perfection  of 
crystals  irradiated  with  40-keV  ions  (Kr  and  Xe) . Irradiation  temperatures 
were  estimated  to  be  below  yO'C.  At  a fluence  of  8 x 10^^/m^,  the  Kikuchi 
lines  that  indicate  crystal  perfection  were  weaker  in  MgO;  at  a fluence  of  4 x 
10^®/m^,  the  lines  had  disappeared.  In  contrast,  the  Kikuchi  lines  in  AI2O3 
had  disappeared  at  a dose  of  4 x 10^^/m^.  This  indicates  that  the  anisotropic 
AI2O3  has  considerably  less  structural  stability  under  irradiation  than  the 
cubic  substance,  MgO.  (Other  cubic  substances  such  as  NaCl  and  CaF2  were  con- 
siderably more  stable  than  MgO.)  Comparable  ambient- temperature  fast  neutron 
fluences  would  be  approximately  a factor  of  10^  to  10^  higher  (§1.2.6). 

In  contrast  to  Matzke  and  Whitton,  Stevanovic  and  Elston  [1967]  reported  that 
single-crystal  AI2O3  X-ray  lines  were  sharp  and  symmetrical  after  irradiation 
to  a fast  neutron  fluence  of  1.8  x 10  ^^/m^  (E  > 1 MeV)  at  an  irradiation  tem- 
perature of  60  to  80°C,  but  that  some  MgO  lines  were  asymmetrical  and  broad- 
ened, particularly  on  the  high-angle  side,  after  a fluence  of  1.0  x 
However,  the  level  of  damage  was  considerably  below  that  produced  in  the 
foreign- ion  irradiations  of  Matzke  and  Whitton. 

2.4.  MECHANICAL  PROPERTIES 

Little  relevant  data  are  available  on  mechanical  properties  of  AI2O3  after 
low- temperature  irradiation.  However,  point-contact  loading  often  damages 
ceramic  materials,  especially  if  a combination  of  normal  and  tangential  forces 
are  present.  Noda  et  al . [1985]  determined  that  deposition  of  a thin  metal 
film  on  single -crystal  AI2O3  and  additional  ion  irradiation  improved  the  re- 
sistance against  cracking  under  a biaxial  loading.  Figure  2.4.1  shows  the 
increase  in  critical  peeling  load  in  100 -kev,  N-ion  irradiated  sapphire  on 
which  a 220-nm  Zr  film  had  been  deposited.  The  film  was  deposited  in  vacuum 
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CRITICAL  PEELING  LOAD, 


N-ION  FLUENCE,  m"^ 


Figure  2.4.1.  Critical  peeling  load  of  Zr  film  on  AI2O3  with  0.1 -mm  radius 
diamond  stylus  and  scratching  speed  of  50  mm/min.  Data  from  Noda  et  al. 
[1985] . 
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(5  X 10~^  Pa)  onto  a mirror-polished  surface.  The  peeling  load  was  determined 
by  scratching  the  surface  with  a diamond  stylus  of  0.1-mm  width  under  the 
load.  The  scratching  also  caused  cracking  of  the  sapphire  surface  above  a 
critical  load.  However,  Figure  2.4.2  shows  that  this  critical  cracking  load 
first  increases  and  then  decreases  with  ion  fluence.  The  results  were  ex- 
plained by  suggesting  that  the  compressive  stress  generated  from  expansion 
under  irradiation  compensated  the  tensile  stress  generated  by  the  scratching. 
The  adhesive  metal  layer  also  increases  resistance.  Further  details  may  be 
found  in  the  paper. 

The  relative  decrease  of  Young's  modulus  in  sintered  AI2O3  after  a fast  neu- 
tron fluence  of  1.5  x 10^^/m^  (E  > 1 MeV)  was  found  to  be  3.4%  [Stevanovic 
and  Elston,  1967].  These  authors  also  measured  the  change  in  Vickers  micro- 
hardness with  an  accuracy  of  ± 2%.  For  a fluence  of  1.2  x 10^^/m^,  the  aver- 
age increase  was  16.7%.  The  Wigner  energy  was  measured  in  a differential 
thermal -analysis  calorimeter  after  the  same  fluence.  It  was  105  ± 8 kJ/kg. 
All  of  these  measurements  were  made  at  ambient  temperature.  The  reactor 
temperature  was  between  60  and  80°C  (333  and  353  K)  . For  much  higher  tem- 
peratures of  irradiation,  between  400  and  600°C,  Dienst  [1992]  also  found  a 
decrease  in  Young's  modulus  at  a fast  neutron  fluence  of  about  2 x 10^^/m^ 

(E  > 0.1  MeV).  This  decrease  of  about  13%,  from  375  to  325  GPa,  apparently 
applied  to  both  the  single  and  polycrystalline  AI2O3  studied. 

Dienst  cites  other  high  temperature  irradiation  studies  that  appeared  to 
indicate  that  the  strength  of  single -crystal  AI2O3  should  remain  unchanged 
under  irradiation  [Clinard  et  al . , 1984],  because  strength  changes  would  be 
governed  by  the  formation  of  grain  boundary  cracks.  Clinard  et  al.  measured 
small  increases  in  the  4-point  bending  strength  after  a fast  neutron  fluence 
of  -2  X 10^^/m^  (E  > 0.1  MeV)  at  407  and  542°C.  However,  Dienst  showed  a 
deterioration,  between  fluences  of  10^^  and  10^^/m^  (E  > 0.1  MeV),  in  the 
4-point  bending  strength  of  both  single -crystal  and  polycrystalline  AI2O3 
(Figure  2.4.3)  and  also  a decrease  in  the  Weibull  modulus  (Figure  2.4.4), 
which  indicated  a broadening  in  the  distribution  of  the  ultimate  strength, 
owing  to  an  increased  number  of  specimens  of  very  low  strength.  Dienst 
correlated  this  deterioration  with  the  increase  in  volume  of  AI2O3  (similar 
results  were  obtained  for  AIN),  as  shown  in  Figures  2.4.5  through  2.4.7. 
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CRITICAL  CRACKING  LOAD 


Figure  2.4.2.  Critical  cracking  load  of  Ti  film  on  AI2O3  with  O.l-mm  radius 
diamond  stylus  and  scratching  speed  of  50  mm/min.  Data  from  Noda  et  al. 
[1985]  . 
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FAST  NEUTRON  FLUENCE,  m"^  (E  > 0.1  MeV) 


Figure  2.4.3.  Decrease  of  four-point  bending  strength  in  AI2O3  and  AIN  with 
irradiation  at  -400— 600°C.  Data  from  Dienst  [1992]. 
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Figure  2.4.4,  Broadening  of  the  strength  distribution  in  AI2O3  and  AIN, 
represented  by  the  decrease  of  the  Weibull  modulus  under  neutron  irradiation. 
Data  from  Dienst  [1992]. 


VOLUME  INCREASE, 


NEUTRON  FLUENCE,  m"^  (E  > 0.1  MeV) 


Figure  2,4,5.  Volume  change  in  AI2O3  and  AIN  after  neutron  irradiation  at  the 
indicated  temperatures.  Data  from  Dienst  [1992]. 
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VOLUME  INCREASE,  % 


Figure  2.4.6.  Decrease  in  the  fracture  strength  of  AI2O3  and  AIN  with  volume 
increase.  Data  from  Dienst  [1992].  (No  citation  was  given  for  the  additional 
curve  labeled  as  CEA.) 
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Figure  2.4.7.  Decrease  in  minimum  and  1%  failure  bending  strength  of  AI2O3 
with  volume  increase.  Data  from  Dienst  [1992]. 
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The  latter  figure  shows  the  severe  decline  in  minimum  measured  strengths  and 
1%  failure  probability  with  volume  increase.  This  suggested  a major  influence 
of  large  defect  aggregates  upon  both  the  volume  and  strength.  The  defects 
were  thought  to  decrease  the  effective  crack  toughness.  On  the  other  hand, 
Clinard  et  al . , observing  an  opposite,  strengthening  effect  of  irradiation, 
especially  in  MgAl204,  had  suggested  that  irradiation  defects  might  impede 
crack  propagation.  However,  they  were  unable  to  verify  this  for  their  AI2O3 
samples.  The  results  of  Dienst  are  based  upon  a larger  number  of  specimens: 

20  unirradiated  controls  and  10  specimens  per  irradiation  point  (per  mate- 
rial) , Clinard  et  al.  tested  7 or  8 unirradiated  controls  and  4 specimens  per 
material  per  irradiation  point.  Perhaps  the  apparent  discrepancy  is  due  to 
scatter  in  the  smaller  set  of  specimens  tested  by  Clinard  et  al. 

Very  recent  results  of  Dienst  and  Zimmermann  [1994]  at  lower  irradiation  tem- 
peratures and  fluences  on  several  materials  of  interest  for  this  survey  are 
discussed  below,  in  §12.4.1,  which  compares  the  materials  reviewed  in  this  re- 
port. These  recent  results  indicate  deterioration  of  the  mechanical  strength 
of  AI2O3  at  a fluence  of  ~3  to  5 x at  -100°C. 

Diametral  compression  tests  on  polycrystalline  AI2O3  showed  a decrease  of 
25.6%  in  tensile  strength  after  a fluence  at  660  K of  2 x 10^^/m^  (E  > 

0.1  MeV) . These  tests,  by  Tucker  et  al . [1986],  are  discussed  in  more  detail 
and  the  results  compared  to  those  for  MgAl204,  in  §7.4,  below. 

2.5.  THERHAL  PROPERTIES 

2.5.1.  Thermal  Conductivity 

The  thermal  conductivity  of  sapphire  single  crystals  and  sintered  AI2O3  was 
measured  between  2 and  100  K after  both  reactor  and  7-ray  irradiation  [Berman 
et  al.,  1960b].  Figure  2.5.1  shows  that  there  was  little  change  in  thermal 
conductivity  of  the  single  crystal  after  ®°Co-7  irradiation,  but  a decrease 
of  over  an  order  of  magnitude  in  the  peak  value  at  about  30  K after  neutron 
(reactor)  irradiation.  The  fast  neutron  fluence  was  about  7 x 10^^/m^.  The 
conductivity  at  5 K after  this  ambient -temperature  irradiation  was  about  30% 
of  the  initial  value.  Figure  2.5.2  shows  that  ambient  7 irradiation  had 
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THERMAL  CONDUCTIVITY,  W/(m-K) 
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Figure  2.5.1.  Thermal  conductivity  of  single -crystal  AI2O3  after  7 and 
neutron  irradiation.  Data  from  Berman  et  al.  [1960b]. 
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THERMAL  CONDUCTIVITY,  W/(m-K) 
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Figure  2.5.2.  Thermal  conductivity  of  single-crystal  and  sintered  AI2O3  after 
7 irradiation.  Data  from  Berman  et  al . [1960b]. 
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little  effect  on  the  cryogenic  thermal  conductivity  of  a sapphire  crystal 
stretched  at  1400°C  and  of  sintered  AI2O3.  Furthermore,  increasing  the  y- 
irradiation  dose  did  not  increase  the  thermal  resistance  of  single  crystals 
[Berman  et  al . , 1955;  1960],  although  sizeable  increases  in  cryogenic  thermal 
resistance  with  increasing  neutron  fluence  were  observed  (Figure  2.5.3).  Of 
course,  the  decrease  in  thermal  conductivity  in  4-K  irradiated  AI2O3  would  be 
expected  to  be  much  larger,  since  many  of  the  defects  would  have  annealed  at 
ambient  temperature  in  these  experiments. 

These  measurements  by  Berman's  group  appear  to  be  the  only  ones  on  cryogenic 
thermal  conductivity  after  irradiation.  The  effect  of  neutron  irradiation  on 
sintered,  polycrystalline  AI2O3  was  apparently  not  measured.  Although  the 
decrease  in  thermal  conductivity  of  polycrystalline  AI2O3  might  be  expected  to 
be  less  than  that  of  the  single-crystal  material,  sizeable  conductivity  de- 
creases have  been  found  at  ambient  temperature  in  sintered,  polycrystalline 
AI2O3.  For  example,  Crawford  and  Wittels  [citation,  Penkovskii,  1964]  found  a 
decrease  at  30°C  from  17  to  9.6  W/(m*K)  after  an  intermediate  neutron  fluence 
of  3 X 10^^/m^  and  a further  decrease  to  0.38  ± 0.2  W/(m*K)  after  4 x 10^^/m^. 
Percentage  decreases  of  similar  magnitude  were  reported  for  single  crystals 
after  similar  fluences  of  "intermediate"  neutrons  (E  > 100  eV) . 

Thorne  and  Howard  [1967]  also  measured  large  fractional  decrease  in  the  ther- 
mal conductivity  of  polycrystalline  AI2O3  at  ambient  temperature,  although 
their  irradiation,  reported  as  the  fast  neutron  fluence,  was  carried  out  at 
250'C.  Figure  2.5.4  shows  these  results.  The  fractional  decrease  in  con- 
ductivity was  similar  for  both  porous  and  dense  material.  Although  a sizeable 
decrease  (K  = Ko/3.5)  was  produced  after  a fluence  of  4 x 10^^/m^,  this  was  not 
as  large  as  the  decrease  (K  = Ko/44)  reported  by  Crawford  and  Wittels.  Prob- 
ably, Crawford  and  Wittels  used  a much  lower  irradiation  temperature;  this  was 
not  reported  in  the  review  by  Penkovskii  and  their  original  report  was  not 
available.  Since  a fast  neutron  fluence  of  -10^^/m^  at  ambient  temperature 
may  be  roughly  equivalent  to  10^^/m^  at  4 K in  terms  of  retained  defects,  the 
4-K  thermal  conductivity  of  polycrystalline  AI2O3  could  fall  to  a very  low 
fraction  of  the  initial  value  under  the  ITER  irradiation  conditions.  Ambient 
temperature  annealing  might  not  completely  restore  the  thermal  conductivity 
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Figure  2.5.3.  Increase  in  thermal  resistance  of  AI2O3  after  neutron 
irradiation.  Data  from  Berman  et  al.  [1955]. 
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FRACTIONAL  CHANGE  OF  THERMAL  CONDUCTIVITY,  lKo/K-1] 
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Figure  2.5.4.  Fractional  change  of  thermal  conductivity,  K,  of  AI2O3  after 
523-K  irradiation  (Kg  = Initial  Conductivity).  Data  from  Thorne  and  Howard  [1967]. 
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to  its  original  value,  since  large  decreases  in  thermal  conductivity  were  ob- 
served under  ambient  conditions. 

Rohde  and  Schulz  [1992]  compared  the  high  temperature  thermal  conductivity  of 
several  ceramics  after  irradiation.  The  thermal  conductivity  of  both  single 
and  polycrystalline  AI2O3  and  single-crystal  MgAl204  and  polycrystalline  AIN 
were  measured  after  fast  neutron  fluences  up  to  4 x 10^ (from  various 
sources)  at  temperatures  from  473  to  823  K.  As  Figures  2.5.5  and  2.5.6  indi- 
cate, decreases  in  thermal  conductivity  were  similar  for  both  single-crystal 
and  polycrystalline  AI2O3.  In  comparing  the  LAMPF  (Los  Alamos  Meson  Physics 
Facility)  results  with  those  on  AIN  and  MgAl204 , Rohde  and  Schulz  found 
decreases  to  70  and  80%  of  the  original  value  for  AI2O3,  but  much  larger 
decreases,  to  52%  for  MgAl204  and  to  36%  for  AIN.  However,  AIN  had  the 
highest  initial  thermal  conductivity  at  ambient  temperature  (§§3.5  and  7.5). 

2.5.2.  Thermal  Expansion 

Only  limited,  7- irradiation  measurements  were  found  for  the  change  in  thermal 
expansion  of  single-crystal  AI2O3  at  4 K [Brown  and  Brown,  1981] . Figure 
2.5.7  shows  the  change  in  specimen  length  as  a function  of  temperature  after 
an  unspecified  amount  of  7 irradiation.  Figure  2.5.8  shows  the  thermal  ex- 
pansion after  irradiation;  however,  unirradiated  material  was  not  measured  in 
the  same  apparatus,  and  the  authors  stated  that  the  small  negative  coefficient 
could  have  been  an  "apparatus  effect."  At  least  at  ambient  temperature,  neu- 
tron irradiation  produces  swelling,  not  compaction,  so  it  would  be  of  interest 
to  see  if  the  trend  below  8 K shown  in  Figure  2.5.8  is  applicable  for  4-K 
irradiation  and  testing. 
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THERMAL  CONDUCTIVITY,  W/(m-K) 
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Figure  2.5,5.  Thermal  conductivity  of  single -crystal  AI2O3  after  high 
temperature  irradiation  at  several  facilities.  Data  from  Rohde  and  Schulz  [1992]. 
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.6.  Thermal  conductivity  of  polycrystalline  AI2O3  after  high 
e irradiation  at  several  facilities.  Data  from  Rohde  and  Schulz 
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Figure  2.5.7.  Thermal  contraction,  AL/L,  of  single-crystal  AI2O3.  Data  from 
Brown  and  Brown  [1981]. 
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THERMAL  EXPANSION  COEFFICIENT.  10" 
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Figure  2.5.8.  Thermal  expansion  coefficient,  AL/L,  of  single -crystal  AI2O3. 
Data  from  Brown  and  Brown  [1981]. 
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3.  LOW  TEMPERATURE  IRRADIATION  OF  ALUMINUM  NITRIDE 


3.1.  DEFECT  DENSITY 

No  measurements  of  the  defect  density  for  AIN  were  obtained  in  the  literature 
search. 

3.2.  CHANGE  IN  VOLUME 

Aluminum  nitride  crystallizes  in  the  wurtzite  hexagonal  system:  each  atom  is 
at  the  center  of  a tetrahedron  in  which  the  vertexes  are  occupied  by  atoms  of 
the  opposite  species.  This  produces  the  non-cubic  unit  cell  shown  in  Figure 

3.2.1.  The  oxygen  sublattice  of  AI2O3  has  the  same  hexagonal  wurtzite  struc- 
ture, and  AI2O3  expands  anisotropically  under  irradiation.  Hickman  and 
Jostsons  [1969]  first  measured  the  changes  in  lattice  parameter  of  AIN  after 
irradiation,  using  X-ray  diffraction.  Single-crystal  whiskers  were  irradiated 
at  75  to  lOO'C,  to  a fluence  of  3.7  x 10^'‘/m^  (E  > 1 MeV)  . The  results,  shown 
in  Figure  3.2.2,  indicated  that  the  expansion  is  highly  anisotropic,  much  more 
so  than  that  of  AI2O3  (§2.2).  The  volume  expansion,  also  depicted  in  Figure 

3.2.2,  was  obtained  by  summing  the  c-axis  expansion  and  twice  the  a- axis 
expansion. 

Lattice  parameter  changes  at  a lower  fluence  of  8.3  x lO^V®^  (E  > 1.0  MeV) 
were  reported  by  Yano  and  Iseki  [1991]  after  irradiation  at  100“C:  0.096%  for 
the  a axis  and  0.092%  for  the  c axis.  A volume  expansion  of  about  0.3%  was 
reported. 

Billy  et  al.  [1984]  also  found  that  the  a and  c axes  expanded  in  unequal 
proportions  after  irradiation.  However,  as  Figure  3.2.3  indicates,  the 
expansion  did  not  become  markedly  anisotropic  until  a fast  neutron  fluence  of 
about  7 X 10^^/m^  was  reached,  when  the  a axis  had  expanded  by  0.09  and  the 
c axis  had  expanded  by  0.16%.  These  results  were  obtained  by  the  time  of 
flight  neutron  diffraction  method  after  an  irradiation  of  AIN  powder  at  a tem- 
perature below  660°C.  Aluminum  nitride  is  thermally  stable  at  that  tempera- 
ture. An  extrapolation  of  the  volume  change  shown  in  Figure  3.2.3  to  a fast 
neutron  fluence  of  10^^/m^  gives  a value  of  about  0.45%,  whereas  the  results 
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Figure  3.2.2.  Increase  of  the  a and  c lattice  parameters  and  total  volume  of 
AIN  under  neutron  irradiation.  Data  from  Hickman  and  Jostsons  [1969] . 
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Figure  3.2.3.  Increase  of  the  a and  c lattice  parameters  and  total  volume  of 
AIN  under  neutron  irradiation.  Data  from  Billy  et  al.  [1984]. 
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of  Hickman  and  Jostsons  give  about  0.7%  at  that  f luence . Since  the  irradia- 
tion of  Billy  et  al.  was  performed  at  a very  high  temperature,  some  of  the 
defects  that  cause  expansion  probably  were  annealed.  It  would  be  preferable 
to  apply  the  usual  f luence -estimating  factor  of  -100  to  the  data  of  Hickman 
and  Jostsons  from  irradiations  at  75  to  100“C  to  obtain  an  approximate  upper 
limit  for  4-K  expansion.  Dienst  [1992]  reported  a somewhat  lower  volume  in- 
crease at  a f luence  of  10^^/m^,  based  upon  literature  data  and  measurements  on 
4-point  bending  specimens  irradiated  at  400  to  550°C  (Figure  2.4.5).  Note 
also  that  significant  anisotropy  was  found  at  a lower  f luence,  <4  x 10^^/m^, 
in  the  lower  temperature  irradiations.  This  might  imply  problems  with  grain 
boundary  separation  in  polycrystalline  material,  but  it  is  not  known  if  this 
occurs  at  low  temperatures  (see  Figure  2.2.7  for  AI2O3,  which,  however, 
exhibits  a much  lower  degree  of  anisotropic  expansion) . 

3.3.  AMORPHIZATION 

Billy  et  al.  [1984]  obseirved  that  the  peaks  in  their  AIN  diffraction  pattern 
remained  sharp  and  well-defined  after  irradiation  to  a fast  neutron  f luence  of 
7.3  X 10^^/m^  at  660"C,  despite  the  presence  of  a strong  background  continuum. 
They  concluded  that  AIN  had  good  resistance  to  amorphization,  but  did  not 
quantify  the  extent  to  which  amorphization  might  have  occurred,  as  evidenced 
by  the  increased  background  signal  after  irradiation.  Such  high  temperature 
results  do  not  apply  to  ambient  and  cryogenic  temperatures,  owing  to  the 
possibility  for  high  temperature  recovery.  Furthermore,  since  AIN  is  cova- 
lently bonded,  one  would  expect  a lower  resistance  to  irradiation  than  that  of 
a more  ionically  bonded  oxide  ceramic.  However,  Hickman  and  Jostsons  [1969] 
noted  that  their  X-ray  reflection  patterns  (taken  after  75  to  lOO'C  irradia- 
tions) remained  sharp  up  to  2.8  x 10^^/m^  and  showed  only  very  weak  streaks  in 
the  c-axis  direction  after  3.7  x 10^^/m^.  Therefore,  AIN  was  added  to  Figure 
1.6.2  in  §1.6,  above,  as  a stable  material.  Naguib  and  Kelly  (Table  1.6.1) 
also  reported  that  AIN  was  relatively  stable  to  amorphization.  Clusters  of 
damage  were  observed  by  Hickman  and  Jostsons  at  both  fluences  with  TEM  on 
flakes  obtained  by  crushing  the  irradiated  crystals. 
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3.4.  MECHANICAL  PROPERTIES 


Four-point  bending  tests  were  performed  at  ambient  temperature  on  several  ce- 
ramics, including  AIN,  that  had  been  irradiated  at  various  facilities,  includ- 
ing LAMPF,  at  temperatures  ranging  mostly  from  400  to  600°C  [Dienst,  1992]. 
These  results  were  summarized  above,  in  Figures  2.4.3  and  2.4.4  (§2.4).  The 
first  figure  shows  that  the  bending  strength  of  AlN,  while  initially  lower 
than  that  of  both  single -crystal  and  some  polycrystalline  AI2O3,  is  comparable 
after  a fast  neutron  fluence  of  about  10^^/m^  (E  > 0,1  MeV) . The  second  fig- 
ure shows  a broadening  of  the  strength  distribution  after  irradiation,  as 
represented  by  the  decrease  of  the  Weibull  modulus.  The  distribution  of  ulti- 
mate bending  strengths  was  widened  chiefly  by  an  increased  number  of  specimens 
with  very  low  strengths.  Twenty  specimens  were  tested  to  obtain  the  unirra- 
diated control  strengths,  and  about  10  at  each  post- irradiation  examination. 
Dienst  noted  that  the  favorable,  but  somewhat  erratic  behavior  of  the  AlN 
samples  may  have  been  due  to  the  relatively  high  AI2O3  content  (about  5%)  of 
the  HIP  ( isostatically  hot-pressed)  grade  used,  which  could  give  composite- 
like properties.  Very  recent  further  investigations  of  Dienst  and  Zimmermann 
[1994]  at  lower  fluences  and  lower  irradiation  temperatures  that  compare  a 
sintered  AlN  with  AI2O3  and  MgAl204,  are  discussed  below  in  §12,4.1, 

The  decrease  of  fracture  strength  was  shown  to  correlate  with  an  increase  in 
volume  under  irradiation  for  both  AI2O3  and  AlN  in  Figure  2.4.5  above.  No 
saturation  in  the  decrease  of  strength  with  the  increase  of  volume  is  evident, 
as  apparently  occurs  with  AI2O3 . However,  Dienst  showed  that  this  apparent 
leveling  off  did  not  really  occur  for  AI2O3,  since  minimum  strengths  observed 
continued  to  decline  as  the  volume  increased  (Figure  2.4.4,  above).  There- 
fore, the  apparent  difference  in  saturation  behavior  should  probably  not  be 
used  to  discriminate  between  AlN  and  AI2O3  unless  more  data  show  significant 
differences  in  behavior  with  regard  to  minimum  strengths.  The  very  recent 
data  discussed  below  in  §12.4.1  does  indicate  a more  severe  deterioration  of 
strength  in  sintered  AlN  than  in  polycrystalline  AI2O3  at  2 x 

A reduction  in  Young's  modulus  from  310  to  210  GPa  was  found  by  Dienst  for 
a fast  neutron  fluence  of  2 x 10^^/m^.  This  decrease  for  AlN  was  somewhat 
larger,  in  percentage,  than  that  obseirved  for  AI2O3 ; the  AI2O3  modulus 
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decreased  from  375  to  325  GPa  after  the  same  f luence . The  larger  decrease  in 
AIN  could  be  due  to  its  multiphase  microstructure.  Ultrasonic  techniques  were 
used  to  measure  these  moduli. 

Yano  and  Iseki  [1991]  measured  the  decrease  in  4-point  bending  strength  of 
sintered  AIN  (99%  of  theoretical  density,  >99.5%  AIN)  as  a function  of  volume 
swelling  (Figure  3.4.1).  However,  only  the  lowest  swelling  point  was  obtained 
at  100*C  (8.3  X lO^V®^) . ^ relatively  low  irradiation  temperature.  As  fluence 
(and  swelling)  increased,  the  irradiation  temperature  also  increased:  to  470*0 
at  2.4  X 10^^/m^  and  to  785*0  at  5.2  x 10^^/m^  (E  > 1.0  MeV)  . Some  additional 
mechanical -property  data,  the  change  in  Vickers  hardness  and  the  fracture 
toughness  (estimated  by  the  indentation  microfracture  method) , were  also 
obtained  at  these  three  different  irradiation  temperatures.  These  data  are 
shown  in  Figure  3.4.2.  Hardness  and  fracture  toughness  increased  with  flu- 
ence. Yano  and  Iseki  also  measured  lattice  parameter  changes  at  the  two 
higher  fluences  and  temperatures,  finding  a total  volume  swelling  of  about 
0.44%  at  5 X lO^Vm^  (785*0).  This  is  much  smaller  than  the  values  obtained  by 
other  authors  at  lower  irradiation  temperatures  (§3.2);  hence,  the  conclusions 
of  Yano  and  Iseki  with  regard  to  microcracking  and  voids  (neither  was  observed 
with  TEIM)  may  not  be  valid  for  lower  irradiation  temperatures,  especially 
since  they  also  reported  a much  smaller  anisotropy  in  expansion  than  the  other 
authors . 

3.5.  THERMAL  PROPERTIES 

Cryogenic  measurements  of  thermal  properties  of  AIN  after  irradiation  were  not 
found  in  the  literature  search.  Figure  3.5.1  shows  the  behavior  of  the  high 
temperature  thermal  conductivity  of  polycrystalline  AIN  after  irradiation  tem- 
peratures of  353  to  700  K and  a-particle  and  neutron  fluences  of  10^^  to  5 x 
10^^/m^  [Rohde  and  Schulz,  1992].  Both  higher  fluences  and  lower  irradiation 
temperatures  appear  to  lower  the  thermal  conductivity  significantly.  Compara- 
tive irradiations  at  LAMPF  showed  reductions  in  the  thermal  conductivity  to  80 
and  70%  of  the  initial  value  for  single  and  polycrystalline  AI2O3,  to  52%  for 
MgAl204,  and  to  36%  for  AIN.  This  appears  to  indicate  that  AIN,  a covalently 
bonded  material,  is  damaged  more  heavily  than  the  more  ionically  bonded  oxide 
ceramics  (see  §1.6).  The  extent  of  the  post- irradiation  reduction  in  the  4-K 
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Figure  3.4.1.  Four-point  bending  strength  of  AIN  as  a function  of  volume 
swelling  (see  text).  Data  from  Yano  and  Iseki  [1991]. 
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4.2.  Increase  of  Vickers  hardness  and  fracture  toughness  of  AIN  as  a 
of  volume  swelling  (see  text).  Data  from  Yano  and  Iseki  [1991]. 
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Figure  3.5,1.  Decrease  of  high  temperature  thermal  conductivity  of  AIN  after 
neutron  irradiation  at  high  temperatures.  Data  from  Rohde  and  Schulz  [1992]. 


164 


thermal  conductivity  of  these  ceramics  has  been  measured  only  for  single- 
crystal AI2O3.  The  300-K  thermal  conductivity  of  AIN  was  very  significantly 
decreased  after  the  353-K  irradiation. 

Additional  data  on  the  reduction  of  ambient- temperature  thermal  conductivity 
of  polycrystalline  AIN  were  reported  by  Yano  and  Iseki  [1991].  Figure  3.5.2 
shows  both  the  thermal  conductivity  and  diffusivity  after  irradiation  at  lOO'C 
(8.3  X and  470°C  (2.4  x 10^^/m^)  . The  reduction  is  comparable  to  that 

reported  by  Rohde  and  Schulz,  after  a similar  temperature  of  irradiation 
(353  K) . This  sintered  material  was  >99.5%  AIN  and  had  a density  which  was 
99%  of  the  theoretical  density. 
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Figure  3.5.2.  Decrease  of  thermal  conductivity  and  thermal  diffusivity  of  AIN 
after  neutron  irradiation  at  various  temperatures.  Data  from  Yano  and  Iseki  [1991]. 
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4.  LOW  TEMPERATURE  IRRADIATION  OF  MAGNESIA 


4.1.  DEFECT  DENSITY 

4.1.1.  Frenkel  Defects 

Information  on  the  concentration  of  Frenkel  defects  produced  at  low  fast 
neutron  fluences  of  10^^  to  10^^/m^  at  -70  to  100°C  was  reviewed  by  Henderson 
and  Bowen  [1971].  Optical  absorption  and  ESR  studies  showed  that  0 vacancies 
were  the  prominent  defect  in  this  temperature  range.  (Since  an  ITER  fluence 
of  10^^/m^  at  4 K may  be  equivalent  to  a fast  neutron  fluence  of  -10^^/m^  at 
ambient  temperature,  more  extensive  damage  in  addition  to  Frenkel  defects  may 
be  present  after  these  fluences  at  4 K.)  Cation  vacancies  (Mg^'*')  are  usually 
not  monitored,  because  they  may  anneal  more  readily  and  techniques  more  com- 
plex than  optical  absorption  are  required  to  confirm  their  presence  [To  et 
al.,  1969;  Evans  et  al.,  1972;  Sibley  and  Chen,  1967].  Figure  4.1.1  shows  the 
increase  in  defects  with  fluence,  as  well  as  the  lattice  parameter  change  that 
Henderson  and  Bowen  obtained  with  single  crystals  of  MgO.  At  very  low  flu- 
ences, Henderson  and  Bowen  found  a value  of  8 to  9 atomic  volumes  of  dilation 
per  Frenkel  defect  pair.  Values  of  atomic  volume  per  defect  pair  suggested  by 
other  authors  are  discussed  by  Henderson  and  Bowen. 

Sibley  and  Chen  [1967]  also  measured  Frenkel  defects  at  relatively  low  neutron 
fluences,  up  to  7 x 10^^/m^  (E  > 1 MeV) . The  Smakula  equation  (§2.1)  was  used 
to  calculate  the  number  of  defects  from  the  optical  absorption.  Figure  4.1.2 
shows  the  number  of  defects  vs.  the  neutron  fluence.  Irradiation  with  1.6 -MeV 
electrons  was  also  used  by  Sibley  and  Chen  to  produce  defects  from  displace- 
ment damage.  Figure  4.1.3  shows  the  number  of  defects  vs.  electron  fluence  in 
a format  similar  to  that  of  Figure  4.1.2  for  neutrons.  These  results  could  be 
used  to  determine,  experimentally,  the  fluence  of  electrons  required  to  simu- 
late a given  neutron  fluence,  but  the  results  apply  only  to  very  low  fluences. 
The  ratio  of  electron- to-neutron  fluence  required  for  simulation  is  about  50. 
Note  that  only  individual  0 vacancies  (250-nm  absorption)  were  monitored  in 
this  comparative  study.  Additional  absorption  lines  found  only  in  neutron 
irradiation  indicate  that  clustering  of  0 vacancies  produces  different  types 
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Figure  4.1.1.  Fractional  change  of  lattice  parameter  and  number  of  F'*'  centers 
created  in  MgO  after  irradiation.  Data  from  Henderson  and  Bowen  [1971]. 
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Figure  4.1.2.  Absorption  coefficient  and  defect- center  concentration  of  MgO 
after  electron  irradiation.  See  text  for  sample  differences.  Data  from 
Sibley  and  Chen  [1967]  . 
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Figure  4.1.3.  Absorption  coefficient  and  defect- center  concentration  of  MgO 
after  neutron  irradiation.  See  text  for  sample  differences.  Data  from  Sibley 
and  Chen  [1967]. 
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of  defects  in  neutron  cascades  [Chen  et  al . , 1969],  These  defects  are  not 
produced  by  electron  irradiation. 

The  effect  of  impurities  on  damage  was  also  studied.  Both  figures  indicate 
that  somewhat  higher  damage  is  sustained  by  the  samples  labeled  MS,  which  were 
obtained  from  Muscle  Shoals  and  contained  about  60  ppm  Fe.  The  other  MgO 
single  crystals  had  a lower  impurity  content;  for  example,  the  H (Harwell) 
samples  had  only  10  ppm  Fe . Sibley  [1971]  suggested  that  the  Fe  impurities 
stabilized  some  of  the  defects  at  ambient  temperature.  The  interstitial  is 
mobile  and  diffuses  through  the  lattice  until  it  recombines  or  is  trapped  by 
an  impurity  ion.  Therefore,  the  impure  samples  exhibit  more  damage  for  a 
given  fluence.  Since  the  purity  of  MgO  has  improved  dramatically  over  time, 
this  process  of  damage  stabilization  could  account  for  differences  in  results 
between  different  groups.  However,  the  results  in  Figure  4.1.2  compare  well 
with  those  in  Figure  4.1.1. 

Chen  et  al.[1975]  compared  the  number  of  defects  produced  by  14-MeV  fusion 
neutrons  with  the  number  produced  with  a fission  spectrum.  High  purity  MgO 
single  crystals  were  irradiated  at  -300  K in  the  RTNS  or  at  325  K in  a fission 
reactor.  The  defect  concentrations  were  determined  by  measuring  the  intensity 
of  the  250-nm  band  (4.95  eV) . Both  one-electron  and  two-electron  0 vacancies 
(F^  and  F centers,  respectively)  absorb  at  this  energy.  The  results,  shown  in 
Figure  4.1.4,  indicated  that  the  fusion  neutrons  produced  about  twice  as  many 
defects  per  neutron  as  fission  neutrons.  This  result  is  in  accord  with  theo- 
retical calculations  [citations,  Chen  et  al . , 1975]  and  with  a similar  study 
by  Evans  and  Stapelbroek  [1979]  on  AI2O3,  discussed  in  §2.1.1  (Figure  2.1.2). 

Electron  irradiation  was  also  used  by  Sibley  and  Chen  [1967]  to  establish  a 
threshold  damage  energy  for  MgO.  Figure  4.1.5  shows  that  many  fewer  defects 
are  produced  with  an  electron  energy  of  700  keV  than  were  produced  with  1.6 
MeV.  Very  few  defects  were  produced  with  an  electron  energy  of  330  keV.  This 
establishes  an  £^(0)  of  about  50  eV,  with  the  aid  of  Equation  (1.5).  Like 
Henderson  and  Bowen,  Sibley  and  Chen  also  observed  that  Mg  vacancies  appeared 
to  be  harder  to  create  (or  observation  may  be  more  difficult).  A positive-ion 
vacancy  with  a trapped  hole  is  known  as  a center.  The  optical  absorption 
band  for  centers  grew  rapidly  at  low  electron  doses  and  saturated  before 
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Figure  4.1.4.  Absorption  coefficient  and  defect- center  concentration  after 
neutron  irradiation  at  different  energies.  Data  from  Chen  et  al . [1975]. 
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Figure  4.1.5.  Effect  of  electron  radiation  energy  on  production  of  defects  in 
MgO.  See  text  for  sample  differences.  Data  from  Sibley  and  Chen  [1967]. 
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F-center  absorption  occurred.  This  may  have  been  due  to  ionization  damage 
(see  below) . 

Pells  [1982]  obtained  an  £^(0)  of  53  eV  for  MgO,  similar  to  the  value  obtained 
by  Sibley  and  Chen.  However,  his  measurements  were  made  at  90  K,  with  optical 
techniques.  Higher  temperature,  HVEM  measurements  of  the  threshold  damage 
energy,  obtained  by  monitoring  the  growth  of  visible  gross  radiation  damage, 
such  as  dislocation  loops,  gave  an  effective  threshold  voltage  which  varied 
considerably  with  the  temperature.  A higher  threshold  found  at  ambient  tem- 
perature was  presumed  to  be  due  to  Mg  vacancies,  giving  an  Ejj(Mg)  of  60  ± 

3 eV.  Later  work  by  Caulfield  et  al . [1990]  used  time  resolved  luminescence 
spectroscopy  after  pulsed  electron  irradiation  to  study  specific  isolated 
ionic  displacements,  as  opposed  to  the  gross  damage  monitored  by  Pells.  This 
group  (see  also  Grant  et  al . [1989])  found  an  Ejj(Mg)  of  52  ± 2 eV  at  83  K and 
either  a second  Ej3(Mg)  of  37  ± 2 eV  or  an  Ejj(O)  of  55  ± 2 eV  at  83  and  293  K. 

No  effect  of  temperature  was  found  on  the  threshold  for  production  of  cen- 
ters by  0 displacement.  The  E(j(0)  for  this  process  was  determined  to  be  55  ± 

3 eV  at  both  83  and  293  K.  These  newer  techniques  indicate  that  the  concept 
of  a single  displacement  energy  for  each  sublattice  atom  may  need  revision  in 
some  cases. 

In  addition  to  their  studies  of  displacement  defects  in  MgO,  Chen  and  Sibley 
also  [1967]  studied  ionization  defects  by  irradiating  single -crystal  MgO  with 
a 7 source  (^°Co)  from  about  7 to  305  K,  and  measuring  the  optical  spectra  at 
the  irradiation  temperature.  Since  MgO  is  a strongly  polar  substance,  when  an 
impurity  of  valence  state  different  from  that  of  the  host  is  incorporated  into 
the  lattice,  another  defect  with  a balancing  charge  must  be  incorporated. 
Ionizing  radiation  changes  valence  states,  and,  hence,  changes  the  concentra- 
tion of  various  impurity- related  defects.  However,  the  positive- ion  vacancies 
corresponding  to  these  defects  were  not  created  by  the  y radiation.  Simi- 
larly, the  0-vacancy  F and  F*"  centers  were  not  observed  after  y radiation. 

The  positive- ion  defects  were  quenched  in  when  the  specimens  were  produced, 
and  the  y radiation  generated  electron-hole  pairs  so  that  holes  could  be 
trapped  at  the  vacancy.  Then,  the  positive -ion  vacancy  with  a trapped  hole 
(a  Vi  center)  could  be  detected  optically. 
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A strong  temperature  effect  was  observed  in  the  decay  of  these  ionization- 
created  Vi  defects.  Figure  4.1.6  shows  the  ambient- temperature  decay  rate  of 
Vi  centers,  ascribed  to  positive- ion  vacancies  that  have  trapped  holes.  Their 
half  life  is  2 to  7 h,  with  a strong  impurity  dependence.  In  contrast,  at 
78  K,  only  a small  decay  rate  was  observed,  and  at  5 K,  the  optical  absorption 
band  that  reflects  the  defects  was  stable  with  time.  However,  this  decay  may 
just  reflect  a change  in  the  charge  state  of  the  vacancy. 

Surprisingly,  Sibley  and  Chen  [1967]  did  not  observe  annealing  of 
displacement-produced  damage  from  electron  irradiation  between  80  K and 
ambient  temperature,  within  their  experimental  accuracy  of  5%.  Measurements 
were  made  by  rapidly  warming  irradiated  specimens  and  holding  at  an  annealing 
temperature  for  10  min,  and  then  recooling  to  80  K for  the  optical  absorption 
measurement.  This  contrasts  to  RBS  studies  of  McHargue  et  al . [1986]  on  AI2O3 
irradiated  with  Cr  ions  at  77  and  300  K,  discussed  above  in  §2.3  (Figure 
2.3.1),  in  which  much  greater  damage  was  observed  at  77  K than  at  300  K for  a 
given  f luence . Sibley  and  Chen  noted  that  the  presence  of  a strong  background 
signal  resulting  from  surface  contamination  of  specimens  in  their  cryostat 
complicated  their  80-K  observations.  However,  these  authors  thought  that  this 
background  absorption  did  not  change  during  annealing,  and  could  be 
subtracted. 

4.1.2.  Dislocation  Loops;  Defect  Aggregates 

Hurley  et  al.  [1981]  used  TEM  to  examine  polycrystalline  MgO  specimens  after  a 
fast  neutron  fluence  of  2.1  x 10^^/m^  (E  > 0.2  MeV)  at  430  K.  A high  density 
of  small,  elongated  loops  was  found. 

From  detailed  measurements  of  both  the  a- lattice  parameter  and  the  density, 
Henderson  and  Bowen  [1971]  concluded  that  clusters  were  present  above  a 
fluence  of  5.8  x 10^^/m^  at  -100° C.  This  value  was  deduced  from  a difference 
in  the  slope  of  Aa/a  and  Ap/3p  versus  fluence;  that  is,  Frenkel  vacancies 
migrated  to  form  clusters  of  defects.  This  is  shown  in  Figures  4.2.1  and 
4.2.2  in  the  following  section.  Bowen  and  Clark  [1964]  found  that  inter- 
stitial clusters  could  be  observed  with  TEM  at  a slightly  lower  fast  neutron 
fluence  of  3 x 10^^/m^  (E  > 1 MeV)  after  irradiation  at  150°C.  Further  studies 
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Figure  4.1.6.  Ambient  temperature  decay  rates  of  centers  vacancies 

plus  holes)  produced  after  saturation  7 irradiation  (2.3-eV  absorption).  Data 
from  Chen  and  Sibley  [1967]. 
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indicated  that  these  clusters  consisted  of  interstitial  dislocation  loops 
lying  the  in  the  {110}  plane.  Henderson  and  Bowen  cited  other  work  showing 
formation  of  cluster  defects  above  fluences  of  -10^^/m^.  At  a fluence  of  4 x 
10^^/m^,  Bowen  and  Clark  found  that  the  loops  became  so  large  that  they  dis- 
integrated into  a tangle  of  dislocation  lines  and  were  very  resistant  to 
annealing.  At  4 K,  or  after  warm-up,  cluster  defects  could  arise  at  lower 
fluences,  since  defects  lying  close  to  each  other  in  a cascade  will  not  anneal 
as  easily  as  isolated  defects  at  ambient  temperature. 

4.2.  CHANGE  IN  VOLUME 

Henderson  and  Bowen  [1971]  made  careful  measurements  of  the  a-axis  lattice 
parameter  and  density  changes  in  single-crystal  MgO  after  318-K  fast  neutron 
fluences  from  10^^  to  8 x 10^^/m^.  (The  energy  range  was  not  specified.) 

Their  results  in  the  lower  range  for  Aa/a  were  shown  above  in  Figure  4.1.1. 
Figures  4.2.1  and  4.2.2  show  the  continuation  of  their  work  to  higher  flu- 
ences, and  include  the  density  change,  Ap/3p . (By  multiplying  Ap/3p  by  3, 
one  obtains  a volume  change  of  -0.6%  at  a fluence  of  8 x 10^^/m^.)  The  value, 
0.2%,  for  Aa/a  at  8 x 10^^/m^  can  be  compared  with  the  lattice  parameter  data 
reviewed  by  Wilks  [1968]  and  shown  in  Figure  4.2.3.  These  data  were  obtained 
from  irradiations  at  -375  K,  whereas  the  irradiations  of  Henderson  and  Bowen 
were  at  318  K.  Possibly,  the  higher  temperature  of  irradiation  could  explain 
the  discrepancy,  since  these  data  do  not  attain  the  saturation  value  of  -0.2% 
until  a fluence  of  2 x 10^^/m^,  somewhat  above  that  of  Henderson  and  Bowen. 

The  observed  decline  in  the  lattice  parameter  is  not  reflected  in  the  total 
volxime  expansion.  This  is  shown  in  the  review  of  density  measurements  by 
Wilks  [1968]  given  in  Figure  4.2.4.  The  departure  of  the  correlation  in  slope 
of  the  lattice  parameter  curve  (Figure  4.2.3)  and  the  volume  expansion  curve 
is  thought  to  represent  formation  of  cluster  damage  above  -7  x 10^^/m^  [cita- 
tions, Wilks,  1968].  (For  AI2O3,  Wilks  found  that  the  density  change  cor- 
related with  the  lattice  parameter  change  in  a similar  range  of  fluence; 
therefore,  the  density  change  in  AI2O3  was  ascribed  to  interstitials  and 
vacancies,  and  the  cluster  damage  was  thought  to  be  relatively  low.)  The 
results  of  Hurley  et  al.  [1981]  do  not  support  the  apparent  saturation  of  the 
density  change  at  -1%  shown  in  Figure  4.2.4  at  a fluence  of  -4  to  6 x 10^^/m^. 
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CHANGE  IN  LATTICE  PARAMETER, 


FAST  NEUTRON  FLUENCE,  {E  > 1 MeV) 


Figure  4.2.1.  The  change  of  lattice  parameter  (Aa/a)  and  crystal  density 
(Ap/p)  with  neutron  irradiation  of  MgO  at  318  K.  Data  from  Henderson  and 
Bowen  [1971]. 
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CHANGE  IN  LATTICE  PARAMETER, 


FAST  NEUTRON  FLUENCE,  lO^Vm^  (E  > 1 MeV) 


Figure  4.2.2.  The  change  of  lattice  parameter  (Aa/a)  and  crystal  density 
(Ap/p)  with  neutron  irradiation  of  MgO  at  318  K.  Data  at  higher  fluence. 
From  Henderson  and  Bowen  [1971]. 
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CHANGE  IN  LATTICE  PARAMETER, 


NEUTRON  FLUENCE,  (E  > 1 MeV) 


Figure  4.2.3.  Compilation  of  data  on  the  change  in  lattice  parameter  with 
neutron  irradiation  of  MgO.  Data  and  citations  from  Wilks  [1968]  . 
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DENSITY  CHANGE. 


NEUTRON  FLUENCE,  lO^Vm^  (E  > 1 MeV) 


Figure  4.2.4.  Density  change  of  MgO  with  neutron  irradiation.  Data  and 
citations  from  Wilks  [1968]. 
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When  Hurley  et  al.  irradiated  polycrystalline  MgO  to  a fast  neutron  fluence  of 
2.1  X lO^^/m^  (E  > 0.2  MeV)  at  430  K,  they  found  volume  swelling  of  2.6  and 
3.0  % in  two  samples.  The  two  samples  were  from  different  suppliers;  the 
differences  in  swelling,  if  significant,  could  arise  from  different  impurity 
content.  These  polycrystalline  specimens  had  impurity  levels  of  up  to  1.7%. 
Keilholtz  et  al.  [1971]  found  swelling  of  1.1  and  1.3%  in  single -crystal  MgO 
irradiated  at  60  to  90°C  to  intermediate  fluences  of  1.2  and  2.1  x 10^^/m^  (E  > 
1 MeV).  Thus,  it  appears  that  saturation  in  swelling  is  not  reached,  at  least 
at  the  fluence  attained  at  low  irradiation  temperatures.  When  all  of  the  vol- 
ume swelling  data  are  plotted  together,  as  in  Figure  4.2.5,  saturation  is  not 
indicated. 

Stevanovic  and  Elston  [1967]  found  no  changes  in  the  grain  size  or  appearance 
of  the  grain  boundary  in  sintered  MgO  after  irradiation  below  SO'C  to  a fast 
neutron  fluence  of  -10^^/m^  (E  > 1 MeV) . The  transcrystalline  fracture  of  the 
material  also  was  not  changed. 

The  X-ray  diffraction  line  profiles  found  by  Stevanovic  and  Elston  indicated 
greater  strains  in  MgO  than  in  AI2O3  for  similar  fluences.  Point  defects 
tended  to  remain  scattered  or  annihilated  in  AI2O3 , but  in  the  MgO  lattice 
they  were  clustered.  The  authors  suggested  that  the  occurrence  of  Mg^"*"  inter- 
stitials of  ion  radius  0.078  nm  (0.78  A)  causes  strains  in  the  MgO  structure, 
which  is  like  that  of  NaCl.  These  strains  are  greater  than  those  of  Al^'*’ 
interstitials  of  ion  radius  0.057  nm  (0.57  A)  in  the  corundum  lattice,  and  the 
Al^'*'  ions  may  be  displaced  to  normally  unoccupied  octahedral  holes,  since  Al^'*’ 
ions  occupy  only  2/3  of  these  sites  in  the  hexagonal  close  packing  of  0^“ 
ions.  However,  in  MgO,  the  Mg^'*'  ions  occupy  all  the  octahedral  holes,  so  the 
interstitials  must  be  located  in  the  tetrahedral  holes,  which  disturbs  the 
lattice  structure  much  more. 

4.3.  AMORPHIZATION 

Wilks  [1968]  reviewed  X-ray  studies  of  line  broadening  in  MgO.  At  an  irradia- 
tion temperature  of  150‘'C,  no  X-ray  line  broadening  was  observed  at  a fluence 
of  3 X 10^^/m^,  but  considerable  broadening  was  observed  at  4 x 10^^/m^  (E  not 
specified).  Irradiations  at  100°C  gave  approximately  the  same  result,  except 
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Figure  4.2.5.  Compilation  of  volume  swelling  data  on  MgO. 


that  slight  broadening  was  observed  at  4.2  x 10^^/m^.  The  line  broadening  was 
attributed  chiefly  to  strain  from  dislocation  loops,  but  a particle  size  con- 
tribution was  reported  at  4 x 10^^/m^.  It  was  suggested  that  this  contribu- 
tion was  from  interactions  between  the  dislocation  loops  that  led  to  formation 
of  a cellular  structure  similar  to  that  of  a cold-worked  metal.  Primak  [1954] 
irradiated  a number  of  inorganics  at  a temperature  below  100”C  to  the  same 
fluence,  estimated  as  about  1.2  x 10^^/m^  (0.01  < E < 1—2  MeV) . Only  small 
percentage  changes  in  lattice  parameter  were  observed  for  MgO  and  MgAl204  at 
this  fluence;  however,  the  diffraction  pattern  of  quartz  became  so  diffuse 
that  line  positions  could  not  be  measured.  Matzke  and  Whitton  [1966]  also 
compared  X-ray  evidence  for  structural  changes  in  a number  of  substances  after 
40-keV  Xe  or  Kr  ion  irradiation.  Although  MgO  is  a cubic  substance,  it  showed 
considerable  lattice  disorder  at  the  highest  ion  fluence  of  2 x 10^°/m^  when 
other  cubic  substances  showed  no  change  in  lattice  perfection.  Kikuchi  lines 
indicating  crystal  perfection  had  disappeared  at  4 x 10^®/m^.  The  anisotropic 
AI2O3  exhibited  a disappearance  of  crystallinity  at  lower  fluences  (§2.3), 
Although  data  on  the  fluence  at  4 K that  causes  considerable  lattice  disorder 
or  amorphization  do  not  exist,  it  appears  that  the  relative  order  of  stability 
is  MgO,  MgAl20^,  > AI2O3  > Si02. 

4.4.  MECHANICAL  PROPERTIES 

Single  crystals  of  MgO  were  irradiated  with  fast  neutron  fluences  up  to  8 x 
10^^/m^  (E  > 1 MeV)  before  measurements  of  the  critical  resolved  shear  stress 
[Davidge,  1968]  . The  optical  absorption  spectrum  and  the  lattice  parameter 
were  also  measured  as  a function  of  fluence.  All  measurements  were  made  at 
ambient  temperature,  and  the  irradiation  temperature  was  -343  K.  The  critical 
resolved  shear  stress  was  estimated  by  an  indentation  wing  size  technique 
[citation,  Davidge,  1968].  Figure  4.4.1  shows  the  increase  in  critical  re- 
solved shear  stress,  r,  with  fluence,  4> . These  data  can  be  fitted  with  an 
expression  of  the  form  t = , where  is  the  critical  resolved  shear 

stress  before  irradiation.  Since  the  number  of  trapped  interstitials  was  pro- 
portional to  the  fluence,  for  the  optical  absorption  measurements  that  Davidge 
also  performed,  the  hardening  was  proportional  to  c^^^,  where  c is  the  concen- 
tration of  interstitials.  This  result  as  been  obtained  in  other  systems,  such 
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CRITICAL  RESOLVED  SHEAR  STRESS.  MPa 


Figure  4.4.1.  Critical  resolved  shear  stress  (see  text)  of  single-crystal  MgO 
after  neutron  irradiation.  Data  from  Davidge  [1968] . 
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as  the  alkali  halide  system  [citations,  Davidge , 1968].  Davidge  concluded 
that  vacancies  played  a minor  role  in  hardening. 

McGowan  and  Sibley  [1969]  verified  and  extended  this  work  by  irradiating 
single -crystal  MgO  specimens  of  higher  purity  with  both  electrons  and 
neutrons.  Irradiation  with  electrons  produces  only  isolated  defects  and 
relatively  few  clusters,  in  comparison  to  irradiation  with  neutrons  (§1.2). 
Therefore,  the  optical  measurements  of  the  250-nm  absorption  band  gave  the 
concentration  of  the  negative-ion  vacancies  (§4.1),  and,  thus,  a good  estimate 
of  the  concentration  of  interstitials.  Since  flow  strength  measurements  in 
this  investigation  were  made  by  compression  tests,  the  validity  of  the  inden- 
tation wing  technique  was  not  an  issue.  However,  extreme  care  was  necessary 
to  obtain  useful  results  from  the  compression  testing.  Specimens  that  were 
diamond- sawn  were  about  20%  harder  than  those  that  were  cleaved.  Only  speci- 
mens that  had  no  observable  cleavage  steps  or  grain  boundaries  were  used,  and 
because  of  the  extreme  brittleness  of  the  irradiated  specimens,  the  compres- 
sion ends  had  to  be  very  flat  and  parallel,  so  that  fracture  did  not  occur 
before  the  flow  point  was  reached.  To  minimize  material  variability,  samples 
for  a particular  experiment  were  taken  from  the  same  part  of  one  crystal 
ingot.  Four  specimens  were  normally  tested  and  results  averaged  for  each 
irradiation  data  point.  Compression  specimens  were  5 to  10  mm  in  length  with 
a cross  sectional  area  of  about  1 to  10  mm^. 

Irradiation  temperatures  for  both  electrons  and  neutrons  ranged  from  40  to 
60*C  (313  to  333  K) . Because  ionizing  radiation  was  also  thought  to  be  effec- 
tive in  changing  the  flow  strength  of  MgO,  some  specimens  were  irradiated  with 
10^  Gy  of  ^°Co  7 radiation  (Figure  4.4.2).  This  increased  the  flow  strength 
by  about  4 to  6 MPa,  probably  because  ionizing  radiation  changes  the  valence 
state  of  some  impurities  and  forms  centers  (§4.1)  [citation,  McGowan  and 
Sibley,  1969]  . Since  optical  bleaching  removes  most  of  the  damage  produced  by 
ionizing  radiation,  this  and  other  techniques  were  used  to  obtain  consistent 
flow  strength  data.  Figure  4.4.3  shows  the  data  as  a function  of  the  concen- 
tration of  vacancy  centers,  calculated  from  an  equation  similar  to  Equation 
(2.1).  The  data  for  electron  irradiation  have  a slope  of  -0.5,  as  Davidge 
found,  but  the  neutron  data  had  to  be  fitted  to  fluence,  rather  than  to  defect 
concentration  as  measured  by  optical  absorption,  to  obtain  a slope  of  0.5, 
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INCREASE  IN  COMPRESSIVE  FLOW  STRENGTH,  MPa 
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Figure  4.4.2.  Increase  in  compressive  flow  strength  of  single-crystal  MgO 
after  neutron  irradiation.  The  arrow  indicates  that  only  one  sample  was 
useable  at  this  f luence ; the  others  underwent  brittle  fracture  before 
yielding.  Data  from  McGowan  and  Sibley  [1969] . 
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Figure  4.4.3.  Incremental  increase  of  compressive  flow  strength  of  single- 
crystal MgO  for  (a)  electron  and  (b)  neutron  irradiation.  The  error  bars 
represent  only  statistical,  not  systematic,  errors.  The  arrow  indicates  that 
only  one  sample  was  useable  at  this  fluence;  the  others  underwent  brittle 
fracture  before  yielding.  Data  from  McGowan  and  Sibley  [1969]. 
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since  additional  cluster  defects  were  created.  Figure  4.4.2  shows  the  in- 
crease in  compressive  flow  strength  with  f luence . The  data  were  also  plotted 
to  give  a direct  comparison  with  the  investigation  of  Davidge;  the  agreement 
was  very  good  (Figure  4.4.4).  However,  data  at  a fluence  just  below  2 x 
10^^/m^  (see  arrow  in  figures)  were  difficult  to  obtain,  since  most  specimens 
underwent  brittle  fracture  before  yield  occurred,  after  irradiation  to  this 
fluence.  An  analysis  of  the  electron  irradiation  data  was  made  with  the  ex- 
pression At  = (G/K)c^^^,  where  G is  the  shear  modulus,  c is  the  mole  fraction 
of  defects,  and  K is  related  to  the  tetragonal  lattice  strain  associated  with 
the  defect.  This  showed  that  K had  the  value  expected  for  interstitial  lat- 
tice strain.  McGowan  and  Sibley  therefore  concluded  that  the  hardening  was 
caused  by  interstitials  and  that  vacancies  could  be  excluded  as  a cause  of 
hardening  by  other  work  they  did  with  doped  crystals. 

An  important  point  raised  in  this  work  for  the  possible  use  of  MgO  in  ITER  TF 
magnets  was  the  brittle  behavior  of  specimens  irradiated  at  ambient  tempera- 
ture to  a fluence  of  -2  x 10^^/m^.  Brittle  behavior  was  not  reported  by 
Davidge,  but  his  specimens  were  more  impure  and  the  highest  fast  neutron  flu- 
ence was  slightly  lower,  8 x 10^^/m^  (Figure  4.4.1).  Also,  Davidge  used  an 
indentation  technique  that  was  less  likely  to  reveal  brittle  behavior.  Since 
a considerable  degree  of  defect  annealing  is  expected  at  ambient  temperature, 
if  brittle  fracture  under  compression  is  not  acceptable  in  the  magnet,  then 
fluences  would  have  to  be  kept  below  ~10^^/m^/100 , or  — 10^°/m^,  before  periodic 
ambient- temperature  anneals,  and  additional  testing  on  this  point  would  surely 
be  warranted.  The  value  of  the  compressive  flow  strength  had  increased  by 
more  than  300  MPa  under  irradiation,  before  brittle  failures  occurred  (Figure 
4.4.2).  Perhaps  the  compressive  strength  of  sintered,  polycrystalline  mate- 
rial will  be  less  sensitive  to  neutron  irradiation,  but  this  possibility  must 
be  experimentally  verified.  Compressive  tests  were  found  only  for  MgO  in  the 
literature  search.  Compressive  testing  with  an  aspect  ratio  that  corresponds 
to  the  geometry  of  the  ITER  TF  magnet  insulation  should  also  be  carried  out, 
since  the  insulation  thickness  is  expected  to  be  only  about  1.5  mm  (Figures 
1.1.1  and  1.1.2). 

Evans  and  Davidge  [1969]  studied  the  fracture  in  4-point  bending  of  dense, 
polycrystalline  MgO  in  which  the  grain  size  varied  from  10  to  500  /xm.  The 
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RESOLVED  COMPRESSIVE  FLOW  STRENGTH,  MPa 


NEUTRON  FLUENCE,  m"^  (E  > 1 MeV) 


Figure  4.4.4.  The  compressive  flow  strength  of  single -crystal  MgO  plotted  as 
a function  of  fluence,  for  comparison  with  Figure  4.4.1.  Data  from  McGowan 
and  Sibley  [1969]. 
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fracture  in  chemically  polished  specimens  initiated  by  plastic  flow,  whereas 
in  machined  specimens,  fracture  occurred  by  the  extension  of  flaws  produced  by 
machining.  A relatively  low  fluence  of  reactor  neutron  irradiation,  ~3  x 
lO^^/rn^,  was  used  in  an  attempt  to  strengthen  the  material.  The  irradiation 
temperature  was  ~150°C  (423  K) . Figure  4.4.5  shows  that  the  irradiation 
slightly  decreased  the  fracture  strength  of  the  machined  specimens,  but  the 
figure  also  indicates  that  the  strength  of  chemically  polished  specimens  was 
increased.  Evans  and  Davidge  concluded  that  fracture  of  the  irradiated, 
chemically  polished  material  was  nucleated  at  surface  flaws , instead  of  by 
dislocation  motion,  as  in  the  unirradiated  material.  In  mechanically  polished 
specimens,  dislocation- initiated  fracture  was  not  possible,  and  so  fracture 
probably  occurred  by  extension  of  existing  flaws. 

The  diametral  compression  strength  of  cylinders  of  polycrystalline  MgO  loaded 
on  their  sides  between  parallel  platens  was  measured  by  Hurley  et  al.  [1981] 
after  neutron  irradiation  at  430  ± 5 K to  2 . 1 x 10^^/m^  (E  > 0.2  MeV) . Stress 
analysis  [citation.  Hurley  et  al . , 1981]  shows  that  uniform  tensile  stress  is 
produced  by  this  configuration,  owing  to  the  selection  of  padding.  The  re- 
sults on  two  materials  are  shown  in  Figure  4.4.6;  this  test  was  also  carried 
out  on  polycrystalline  MgAl204  (§7.4).  All  of  the  failures  occurred  by  part- 
ing on  the  midplane  or  by  triple  cleft  failure,  and  were  considered  to  be 
tensile.  Fracture  in  both  irradiated  and  control  specimens  was  largely  trans- 
granular,  but  in  the  control  material,  significant  areas  of  intergranular 
fracture  were  observed.  The  strength  of  both  control  and  irradiated  MgAl20^ 
was  much  higher,  and  fracture  origin  was  traced  to  locations  at  the  free  sur- 
face. This  suggested  that  fractures  originated  at  machining  flaws.  Signifi- 
cant swelling  (-3%)  was  observed  in  MgO  (§4.2);  that  of  MgAl20^  was  lower,  but 
still  significant  (-0.8%). 

Several  other  ambient- temperature  mechanical  properties  of  sintered  MgO  and 
single  crystals  were  measured  by  Stevanovic  and  Elston  [1967]  after  irradia- 
tion below  80'C  (353  K)  to  fast  neutron  fluences  in  the  10^^/m^  (E  > 1 MeV) 
range.  A resonance  method  was  used  to  determine  the  change  of  Young's  modulus 
in  sintered  MgO  at  293  K:  a decrease  of  4.85%  was  observed  after  8 x 10^^/m^. 
The  Vickers  microhardness  was  measured  on  single  crystals  at  ambient  tempera- 
ture with  an  estimated  accuracy  of  ± 2%  on  the  (001)  plane  for  fluences  of 
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FLEXURAL  STRENGTH,  MPa 


(GRAIN  SIZE, 


Figure  4.4,5.  Four-point  bending  strength  vs.  reciprocal  square  root  of  grain 
size  before  and  after  irradiation  for  two  types  of  surface  finish.  Data  from 
Evans  and  Davidge  [1969]  on  polycrystalline  MgO. 
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FAST  NEUTRON  FLUENCE,  lO^Vm^  (E  > 0.2  MeV) 


Figure  4.4.6.  Diametral  compressive  strength  of  polycrystalline  MgO  specimens 
after  neutron  irradiation.  Data  from  Hurley  et  al.  [1981]. 
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5 X 10^^  and  1.2  x 10^^/m^.  The  average  increases  in  directions  [010]  and 
[100]  were  24.2  and  26.7%.  Stored  energy  after  irradiation  was  measured  on  a 
differential  thermal  analysis  calorimeter.  The  Wigner's  energy  in  sintered 
MgO  after  8 x 10^^/m^  was  about  72  ± 8 kJ/kg. 

4.5.  THERMAL  PROPERTIES 

Thermal  conductivity  at  cryogenic  temperatures  was  measured  after  ambient 
temperature  7 irradiation  by  Abramishvili  et  al.  [1981].  Figure  4.5.1  shows 
that  the  effect  of  the  7 irradiation  on  a single  crystal  appeared  to  saturate 
after  about  2.5  x 10^  Gy,  and  that  annealing  at  625*C  restored  the  original 
values.  The  change  in  conductivity  was  related  to  valence  changes  caused  by 
the  ionizing  radiation  which  affected  the  impurity  ions  Fe  and  Cr,  present  at 
40  and  4.5  ppm,  respectively.  The  valence  changes  were  observed  by  annealing 
studies  combined  with  optical  spectroscopy. 

Thermal  conductivity  and  specific  heat  of  single -crystal  MgO  were  measured 
between  0.1  and  10  K by  Gardner  and  Anderson  [1981b]  after  ambient- temperature 
(value  not  reported)  irradiation  to  fast  neutron  fluences  up  to  3 x 10^^/m^ 

(E  > 0.1  MeV) . The  results  of  the  single -crystal  measurements  are  shown  in 
Figures  4.5.2  and  4.5.3.  The  investigation  was  made  to  determine  if  evidence 
existed  for  "glassy"  or  amorphous  behavior  after  irradiation.  At  cryogenic 
temperatures,  the  thermal  properties  of  amorphous  materials  differ  signifi- 
cantly from  those  observed  in  crystalline  solids.  The  properties  may  be 
ascribed  to  localized  excitations,  each  having  a ground  state  and  one  excited 
state  of  energy,  E,  well -separated  from  other  states  of  higher  energy.  This 
energy  scheme  for  the  localized  excitations  manifests  itself  in  a contribution 
to  the  specific  heat  linear  in  the  temperature,  T,  and  a thermal  conductivity 
proportional  to  T^.  The  temperature  dependence  and  magnitude  of  the  specific 
heat  increases  from  the  two  irradiations  were  similar  to  those  observed  in 
crystalline  Si02  after  a similar  low  exposure  to  neutron  irradiation.  Analy- 
sis of  the  thermal  conductivity  results  suggested  also  that  localized  excita- 
tions were  not  significant.  The  density  of  localized  excitations  in  MgO  was 
found  to  be  a factor  of  about  300  smaller  than  the  density  produced  in  crys- 
talline Si02  by  the  same  fluence.  This  result  suggested  that  many  polymorphs 
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Figure  4.5.1.  Thermal  conductivity  of  single-crystal  MgO  after  ambient  7 
irradiation.  Data  from  Abramishvili  et  al.  [1981]. 


195 


‘elXAllAliOnaNOO  IV/'iaSHl 


10^ 


10‘ 


10 


-1 


10’2  h 


Magnesia 
(Single  Crystal) 


Ambient  Irrad.  (n) 


□ □ □□  □ □ □ 


o 

• ^ 


o • 


O • 

o 

o 


° o o ^ ° o 


Legend 

□ Unirradiated 
o 1.5x10^2  n/m2 

• 3.0x10^^  n/m^ 
(E  > 0.1  MeV) 


± 


10 


-1 


10® 

TEMPERATURE.  K 


10^ 


Figure  4.5.2.  Thermal  conductivity  of  single -crystal  Mgo  after  ambient 
neutron  irradiation.  Data  from  Gardner  and  Anderson  [1981b] . 
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Figure  4.5.3.  Change  in  specific  heat  of  single -crystal  MgO  after  ambient 
neutron  irradiation.  Data  from  Gardner  and  Anderson  [1981b]. 
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of  Si02  are  conducive  to  forming  a glass  and  that  since  MgO  occurs  only  in  the 
cubic  phase  known  as  periclase,  it  would  be  less  susceptible  to  amorphization. 

Thermal  conductivity  of  single -crystal  MgO  over  a wider  cryogenic  range  of 
0.4  to  80  K was  measured  by  Kupperman  et  al . [1973]  after  neutron  irradiation 
below  323  K to  fluences  to  2 x 10^^/m^  (E  > 1 MeV) . Features  of  the  data, 
shown  in  Figure  4.5.4,  were  explained  by  a resonance  model.  Impurity  effects 
were  eliminated  by  further  experiments  in  magnetic  fields.  At  4 K,  the 
decrease  in  thermal  conductivity  was  less  than  an  order  of  magnitude. 

Since  all  of  these  irradiations  to  test  thermal  properties  were  at  ambient 
temperature,  results  are  not  representative  of  4-K  irradiation  results, 
although  they  may  correspond  very  approximately  to  results  from  fluences  about 
a factor  of  100  lower  at  4 K. 
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Figure  4.5.4.  Thermal  conductivity  of  single -crystal  MgO  after  ambient 
neutron  irradiation.  Data  from  Kupperman  et  al . [1973]. 
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5.  LOW  TEMPERATURE  IRRADIATION  OF  PORCELAIN 


Porcelain  is  a heterogeneous  dielectric  that  consists  of  both  a glassy  matrix 
and  crystals.  The  classic  composition  is  50%  clay,  25%  quartz,  and  25%  feld- 
spar. Clay  consists  primarily  of  hydrated  silicates  of  Al  such  as  kaolinite, 
AI2O3 • 2Si02* 2H2O . Feldspar  consists  of  silicates  of  Al  with  K,  Na,  Ca,  and, 
sometimes,  Ba.  The  composition  of  an  electrical  porcelain  has  been  given,  in 
mass  percent,  as  37%  ball  clay,  16%  kaolin,  28%  feldspar,  and  19%  flint  (Si02) 
[Clark  and  Logsdon,  1974] . In  addition  to  supplying  the  plasticity  necessary 
for  forming  operations,  clays  react  with  the  liquid  fluxing  material  to  form 
mullite  (3A1203* 23102)  crystals,  which  act  as  reinforcing  strengtheners  when 
present  in  the  glassy  matrix  in  acicular  form.  Potash  feldspar  is  an  effec- 
tive liquid  former  for  mullite  needle  growth.  Alumina -containing  compounds 
must  be  added  to  attain  the  composition  necessary  for  mullite  formation. 
Commercial  electrical  porcelains  contain  a high  degree  of  closed  porosity, 

5 to  10%  [Schroeder  and  Guertin,  1978].  Classical  porcelain  contains  quartz 
to  control  thermal  expansion  and  shrinkage,  but  often  cracking  occurs  as  the 
result  of  quartz  phase  transformation.  Thus,  quartz -containing  porcelains  are 
generally  weaker  than  alumina- containing  porcelains. 

Owing  to  its  heterogeneous  structure,  its  variability  in  composition,  and  the 
presence  of  silicate  bonds,  which  are  not  radiation  resistant,  porcelain  does 
not  appear  to  be  a promising  material  for  the  ITER  TF  magnets. 

5.1.  DEFECT  DENSITY 

No  measurements  of  the  defect  density  for  porcelain  were  obtained  in  the 
literature  search. 

5.2.  CHANGE  IN  VOLUME 

The  dimensional  stability  of  a porcelain  was  surveyed  in  an  ORNL  investigation 
of  the  radiation  resistance  of  ceramics  [Sisman  et  al.,  1957].  Exposures  at 
<100° C were  made  to  intermediate -energy  (E  > 100  eV)  fluences  of  6 x 10^^/m^ 
and  4 x 10^^ /m^  in  the  ORNL  MTR  reactor.  As  Table  5.2.1  indicates,  the  por- 
celain tested  had  a high  degree  of  relative  dimensional  stability  in  this 
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Table  5.2,1.  Effect  of  Radiation  upon  Thermal  Conductivity  and  Density  of  Insulators. 
Data  from  Sisman  et  al.  [1957], 
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fluence  range,  which  is  probably  approximately  equivalent  to  the  expected  4-K 
ITER  fluence  of  10^^/m^,  except  for  the  unknown  proportion  of  higher  energy 
neutrons.  The  increase  in  volume  of  porcelain  was  0.6  ± 0.3%  at  the  highest 
fluence,  as  opposed  to  -1.2%  for  vitreous  Si02,  1%  for  single -crystal  AI2O3, 
and  0 (within  0.3%  accuracy)  for  MgAl204,.  In  contrast,  at  half  this  fluence, 
mica  expanded  by  14%.  The  density  changes  were  measured  by  alternately  weigh- 
ing specimens  in  air  and  in  kerosene.  An  earlier.  X-ray  survey  of  ceramics 
found  no  observable  change  in  the  lattice  parameters  or  diffraction  pattern  of 
a porcelain  at  a fluence  of  2 x 10^^/m^  (E  > 100  eV)  [Klein,  1955]. 

5.3.  AMORPHIZATION 

In  contrast  to  this  report  by  Klein  of  a crystalline  X-ray  diffraction  pattern 
for  porcelain  after  an  intermediate  neutron  fluence  of  2 x 10^^/m^  (E  > 

100  eV) , Abdel-Fattah  et  al . [1981]  reported  a significant  amount  of  amorphous 
material  in  both  quartz  (67%)  and  alumina  (53%)  porcelains  irradiated  to 
14-MeV  fluences  above  8.4  x 10^^/m^.  Evidence  from  both  X-ray  and  electron 
diffraction  showed  that  destruction  of  crystallinity  was  fairly  complete  by  a 
fluence  of  2.1  x 10^^/m^.  Destruction  of  the  crystallinity  of  quartz  usually 
requires  a fluence  of  about  10^^/m^,  although  the  neutrons  have  a fission 
spectrum  [citations  in  Abdel-Fattah  et  al . , 1981].  Abdel-Fattah  et  al . as- 
cribed the  disparity  in  their  results  with  those  of  earlier  investigations 
to  the  higher  energy  of  their  neutron  fluence,  yet  earlier  investigators  re- 
ported only  a factor  of  2 or  4 in  the  difference  in  the  effectiveness  of 
14-MeV  and  fission  neutrons  in  AI2O3  and  MgO  (§§1.4,  2.1,  4.1),  and  theoreti- 
cal calculations  quoted  in  Fowler  et  al.  [1981]  gave  a factor  of  14  for  the 
difference  in  AI2O3  of  ionization  dose  per  neutron.  Sawan  [1993]  quotes  a 
factor  of  5.74  for  the  damage  effectiveness  of  fission  neutrons  (E  > 0.1  MeV) 
compared  to  14-MeV  neutrons.  However,  most  of  the  experimental  measurements 
were  made  on  Frenkel  defects  and  volume  changes,  at  fluences  below  those  nec- 
essary for  amorphization  at  ambient  temperature;  thus,  long  recovery  periods 
may  have  permitted  the  density  of  retained  defects  to  approach  similar  values, 
despite  the  difference  in  neutron  energy.  Fowler  et  al . did  observe  some 
damage  (not  quantified)  in  the  mica  phase  of  a glass -mica  composite  (§10.1) 
after  a much  higher  RTNS  14-MeV  fluence  of  10^^/m^.  However,  since  the  14-MeV 
fluence  necessary  for  amorphization  of  quartz  or  mullite  was  not  found  in  the 
present  literature  search,  the  report  of  Abdel-Fattah  et  al.  suggests  that 


203 


porcelain  should  not  be  employed  in  the  ITER  TF  magnet  unless  4-K,  in  situ 
testing  with  14  MeV  neutrons  validates  adequate  property  values,  or  unless 
ambient  temperature  studies  of  porcelains  with  a 14-MeV  source  disprove  the 
results  of  Abdel -Fattah  et  al.  Of  course,  the  apparent  discrepancy  between 
the  results  of  Klein  and  those  of  Abdel-Fattah  et  al . could  be  due  to  differ- 
ences in  material  composition  and  preparation,  as  well  as  to  the  large  dif- 
ference in  neutron  energy.  Also,  Abdel-Fattah  et  al . did  not  report  the 
temperature  of  their  irradiations.  However,  the  14-MeV  fluence  at  the  ITER 
magnets  is  estimated  as  about  3.1  x 10^°/m^,  from  the  calculations  of  Sawan 
[1993],  allowing  for  a reduction  of  a factor  of  3.6  in  the  total  fast  neutron 
fluence  after  the  calculations  were  performed  (Table  1.1.1).  This  14-Mev 
fluence  is  far  above  that  reported  by  Abdel-Fattah  et  al . as  necessary  for 
amorphization  of  the  crystalline,  strengthening  phases  in  porcelain. 

Caution  in  using  porcelains  is  also  suggested  because  there  is  very  little 
information  in  the  literature  on  irradiation  damage.  Porcelain  is  generally 
considered  to  be  a lower-grade  ceramic.  It  is  severely  degraded  by  electroly- 
sis at  relatively  low  electrical  fields  and  temperatures,  for  example,  by 
100  V/mm  at  150°C  for  600  h,  whereas  single-crystal  AI2O3  survives  exposure  to 
1 kV/mm  for  100  h at  1000°C  [Weeks  et  al . , 1978].  Since  the  high- temperature 
electrical  breakdown  properties  of  ceramics  appear  to  correlate  with  their 
behavior  under  both  an  electric  field  and  neutron  irradiation  (see  §11) , it 
appears  from  the  available  information  that  porcelain  is  not  a conservative 
choice  for  the  TF  magnets,  where  fields  of  -1  kV/mm  are  expected  (Table 
1.1.1). 

5.4.  MECHANICAL  PROPERTIES 

Some  properties  of  an  "ultra-porcelain"  that  contained  -70%  AI2O3  were  com- 
pared with  those  of  AI2O3  and  steatite  (a  form  of  talc)  by  Kostyukov  et  al . 
[1981].  Figure  5.5.1  shows  the  flexural  strength  at  ambient  temperature  of 
these  three  insulators,  after  neutron  irradiation  at  temperatures  ranging  up 
to  660*C  for  the  highest  fluence  of  4.2  x 10^^/m^.  The  authors  also  reported 
that  the  dielectric  loss  tangent  of  the  "ultra-porcelain"  showed  the  least 
change  (in  comparison  to  AI2O3  and  steatite)  after  irradiation  to  1.5  x 10^^/m^ 
at  an  irradiation  temperature  below  200‘’C.  The  "ultra-porcelain"  is  a 
mullite- corundum  material.  The  good  properties  were  ascribed  to  an  opposite 
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Figure  5.5.1.  Flexural  strength  vs.  fast  neutron  fluence  for  AI2O3,  ultra- 
porcelain, and  steatite.  Data  from  Kostyukov  et  al.  [1981]. 
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change  in  direction  of  the  volume  change  under  irradiation  of  the  crystalline 
phases,  e.g.,  mullite,  and  the  glassy  phase.  The  crystalline  phase  expands, 
and  the  glassy  phase  contracts.  However,  a borosilicate  glass -mica  ceramic 
was  also  found  to  have  these  opposing  expansion  properties,  but  the  conse- 
quences for  the  strength  were  considered  to  be  unfavorable  [Coghlan  and 
Clinard,  1991]  (see  §10.1.2). 

5.5.  THERMAL  PROPERTIES 

The  thermal  conductivity  of  a porcelain  at  ambient  temperature  was  also  mea- 
sured by  Sisman  et  al . [1957],  as  shown  in  Table  5.2.1,  above.  In  contrast 
to  the  dimensional  stability,  the  thermal  conductivity  exhibited  a large  de- 
crease: to  44%  of  the  initial  value  after  an  intermediate -energy  neutron 
fluence  of  6 x 10^^/m^  and  then,  to  31%  of  the  initial  value  after  4 x 10^^/m^ 
(E  > 100  eV). 
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6.  LOW  TEMPERATURE  IRRADIATION  OF  VITREOUS  SILICA  AND  QUARTZ 


6.1.  DEFECT  PRODUCTION  AND  DENSITY 

6.1.1.  Displacement  Threshold  Energy 

In  quartz,  highly  strained  Si — 0 configurations  are  susceptible  to  rupture  by 
trapping  electrons  or  holes,  so  Baeta  and  Ashbee  [1975]  suggested  that  dis- 
placement mechanisms  involving  electron  excitation  or  multiple  ionizations  are 
responsible  for  the  observed  displacement  damage  from  predominantly  ionizing 
irradiation  sources.  In  vitreous  Si02,  densif ication  processes  can  be  used  to 
increase  the  number  of  "strained"  Si — 0 — Si  bonds.  Defect  creation  from  ion- 
izing y irradiation  is  then  very  much  enhanced,  as  Figure  6.1.1  from  Devine 
[1990]  indicates.  Therefore,  0 vacancy  creation  evidently  arises  from 
strained  bond  cleavage,  and  ionizing  irradiation  actually  does  induce  stable 
0 atom  displacements.  This  process  in  Si02  is  sometimes  called  radiolysis 
[Howitt  and  Mitchell,  1981].  Earlier  evidence  for  displacement  from  ioniza- 
tion is  given  in  Figure  6.1.2  from  Levy  [1960],  which  shows  that  y irradiation 
of  vitreous  Si02  gives  an  optical  absorption  band  at  5.85  eV  that  is  similar 
to  the  band  produced  by  neutron  irradiation.  Similar  data  were  obtained  by 
Nelson  [1957].  The  5.85-eV  optical  absorption  band  has  been  identified  as  an 
0 vacancy  site  in  both  quartz  and  vitreous  Si02.  Figure  6.1.3  of  Nelson  indi- 
cates that  the  5.85-eV  (235 -nm)  optical  absorption  bands  of  vitreous  Si02  and 
quartz  become  more  similar  as  the  neutron  irradiation  reaches  a fast  neutron 
fluence  of  2.9  x 10^^/m^.  This  and  other  point  defect  and  radiation  damage 
processes  in  quartz  were  reviewed  in  detail  by  Griscom  [1979]. 

Usually  Ed  can  be  determined  by  irradiating  a material  with  electrons  of  in- 
creasing energy,  as  described  for  AI2O3  (§2.1.1),  MgO  (§4.1.1),  and  MgAl204 
(§7.1.1).  However,  this  method  is  difficult  to  use  for  vitreous  Si02,  because 
compaction  (— AV/V)  due  to  displacement  damage  results  from  ionization  [Primak, 
1972]  . Owing  to  the  difficulty  in  determining  E^  with  electron  irradiation, 
Primak  used  data  on  the  initial  negative  dilation  of  vitreous  Si02  per  inci- 
dent bombarding  ion  to  determine  this  quantity.  Ion  energies  were  40  and 
140  keV  for  H'*',  D'*',  He'*’,  Ne'*’,  and  Ar'*’,  and  80  keV  for  He'*’.  The  total  negative 
dilation  associated  with  these  ions  was  plotted  against  the  energy  dissipated 
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Figure  6.1.1.  Enhancement  of  defect  density  of  amorphous  Si02  with 
compaction.  Data  from  Devine  [1990]. 
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OPTICAL  ABSORPTION  (ARBITRARY  UNITS) 


ENERGY.  eV 


Figure  6.1.2.  Optical  absorption  of  vitreous  Si02  from  reactor  and  7 
irradiation.  Spectra  were  normalized  to  the  same  height  at  points  of  maximum 
absorbance.  Data  from  Levy  [I960]. 
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Figure  6.1.3.  Optical  absorption  of  vitreous  Si02  and  quartz  after  neutron 
irradiation  to  2.9  x 10^^/m^.  Data  from  Nelson  [1957]. 
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by  the  ions  in  atomic  collisions.  The  slope,  in  a log/log  plot,  indicates 
that  the  threshold  energy  for  negative  dilation,  or  compaction  of  vitreous 
Si02,  is  very  low  compared  to  a typical  E^j  of  at  least  25  eV.  Primak  then 
treated  data  of  Hines  and  Arndt  [citation  in  Primak,  1972]  on  the  disordering 
of  quartz  by  ion  irradiation  in  a similar  fashion,  and  obtained  a threshold 
energy  of  -25  eV.  Details  of  the  analysis  and  experimental  uncertainties  are 
discussed  in  the  paper  by  Primak.  Although  an  determined  in  this  manner 
may  not  be  strictly  comparable  to  one  determined  by  electron  irradiation,  a 
lower  threshold  energy  would  be  expected  from  the  covalent  structure  of  Si02, 
in  comparison  to  the  ionically  bonded  ceramics,  such  as  AI2O3,  MgO,  and 
MgAl204.  This  bond  structure  criterion  was  discussed  above  in  §1.6.  (See 
Table  1.2.2  for  E^s  of  ceramic  oxides  and  AIN.) 

Baeta  and  Ashbee  [1973]  noted  that  quartz  specimens  examined  at  100  and 
200  keV  in  TEM  deteriorated  rapidly,  eventually  becoming  amorphous.  Das  and 
Mitchell  [1974]  used  a HVEM  to  determine  a threshold  voltage  for  displacement 
damage  in  quartz.  The  displacement  damage  was  identified  with  small  black 
spots  and  loops  that  first  appeared  in  the  center  of  the  electron  beam  where 
current  density  was  greatest.  The  threshold  voltage  determined  by  these  spots 
was  less  than  50  keV,  far  below  the  values  of  -400  to  500  keV  measured  for 
ceramic  oxides.  From  this  threshold  voltage.  Das  and  Mitchell  derived  values 
of  EjjCSi)  5=  5.4  eV  and  E^CO)  ~ 9.5  eV.  Again,  these  values  are  considerably 
below  those  of  other  ceramic  oxides.  Das  and  Mitchell  noted  that  while  MgO 
and  AI2O3  have  higher  binding  energies  than  Si02,  their  structures  are  also 
more  closely  packed.  Displacement  of  ions  in  quartz  should  be  much  easier, 
owing  to  the  open  nature  of  the  crystal  structure. 

In  addition  to  their  study  of  displacement  damage.  Das  and  Mitchell  also  found 
evidence  to  clarify  the  role  of  ionization  damage  in  quartz.  Figure  6.1.4 
shows  the  electron  fluence  required  to  induce  amorphization  in  quartz  as  a 
function  of  the  electron  energy.  Because  the  required  fluence  is  higher  at 
higher  electron  energy,  the  rate  at  which  the  amorphous  transition  occurs  is 
decreasing.  However,  the  production  of  displacement  damage,  determined  by  the 
rate  of  formation  of  black  spots,  increases  with  electron  energy.  Therefore, 
two  different  damage  processes  are  probably  occurring.  The  behavior  shown  in 
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ELECTRON  FLUENCE,  lO^Vm 
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Figure  6.1.4.  Electron  fluence  required  to  amorphize  quartz  as  a function  of 
increasing  electron  energy.  Data  from  Das  and  Mitchell  [1974] . 
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Figure  6.1.4  is  similar  to  that  observed  in  pol3raiers,  where  the  crystalline- 
to-amorphous  transition  also  occurred  more  slowly  at  higher  electron  energy 
[citations,  Das  and  Mitchell,  1974].  In  polymers,  the  destruction  of  crystal- 
linity is  thought  to  be  due  to  ionization  and  subsequent  crosslinking.  The 
damage  process  in  quartz  may  be  similar:  the  SiO^  tetrahedra  become  ionized 
by  electrons  so  that  small  movements  and  rotations  enable  the  tetrahedra  to 
"crosslink"  in  a more  random  way  to  produce  an  amorphous  structure.  This 
amorphization  process  is  facilitated  by  the  open  structure  of  quartz. 

6.1.2.  Defect  Density 

Weeks  [1963]  has  measured  the  production  of  the  -230-nm  0 vacancy  in  synthetic 
quartz  crystals  with  ESR  and  found  -5  x 10^^/cm^  after  a 7- irradiation  dose  of 
-2  X 10^  Gy.  The  dpa  calculated  from  5 x 10^^/cm^  is  -6  x 10"^.  The  7 dose  of 
2 X 10^  Gy  is  comparable  to  that  expected  at  ITER  TF  magnets  (Table  1.1.1); 
however,  these  irradiation  and  optical  measurements  were  made  at  ambient  tem- 
perature, so  the  4-K  dpa  could  be  larger,  owing  to  fewer  recombinations  of  de- 
fects at  4 K,  or  smaller,  because  of  lowered  mobility  of  the  SiO^  tetrahedra. 

Shamfarov  and  Smirnova  [1963]  and  Shamfarov  [1967]  have  reported  defect  densi- 
ties in  quartz  based  on  EPR  (electron  paramagnetic  resonance)  after  ambient 
temperature  neutron  fluences  of  3 x 10^^  and  3 x 10^^/m^  (E  not  specified)  . 
Their  estimates  (based  on  the  EPR  signal)  showed  that  the  spin  concentrations 
associated  with  these  defects  were  10^®  and  10^^/cm®,  respectively,  for  the 
lower  and  higher  fluence.  This  is  equivalent  to  dpas  (for  the  defect  de- 
tected) of  -1.2  X 10“^  and  -1.2  x 10~^. 

6.2.  CHANGE  IN  VOLUME 

Vitreous  Si02  contracts  under  neutron  irradiation  and  quartz  expands.  The 
relative  sizes  of  these  effects,  at  fluences  to  2 x 10^^/m^  (E  > 0.01  MeV)  are 
indicated  in  Figure  6.2.1  [Primak  et  al.,  1955].  In  vitreous  Si02,  atoms  may 
be  displaced  to  the  large  holes  in  the  structure,  permitting  the  Si — 0 tetra- 
hedra to  relax  into  a more  compact  arrangement;  quartz  may  expand  because 
atoms  are  displaced  to  parts  of  the  structure  not  large  enough  to  accommodate 
them  and  because  bonds  are  broken  or  strained.  Although  the  contraction  of 
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Figure  6.2.1.  Dimensional  change  of  vitreous  Si02  and  in  quartz  after  neutron 
irradiation.  The  irradiation  temperature  for  the  highest  fluence  was 
estimated  as  -250-300°C.  Data  from  Primak  et  al.  [1955]. 


214 


vitreous  Si02  is  initially  more  rapid  than  the  expansion  of  quartz,  the  con- 
traction soon  saturates  with  increasing  f luence , while  the  expansion  of  quartz 
proceeds  until  the  density  of  the  material  is  similar  to  that  of  vitreous 
Si02.  The  change  in  density  for  both  vitreous  Si02  and  quartz  is  shown  in 
Figures  6.2.2  and  6.2.3  from  Primak  [1958].  These  figures  include  some  data 
at  higher  fluences  that  indicate  a saturation  at  about  2 x 10^^/m^.  Data  from 
Simon  [1957]  at  a f luence  of  1.4  x 10^^/m^  are  in  agreement  with  those  of 
Primak.  Although  Simon  estimated  that  the  dpa  from  his  irradiation  was  only 
-1.4  X 10“^,  the  density  of  quartz  decreased  by  16%.  X-ray  and  infrared 
studies  made  by  Simon  showed  that  the  structure  of  irradiated  quartz  was  very 
similar  to  that  of  vitreous  Si02.  Such  a rearrangement  should  only  have  re- 
sulted if  each  displaced  0 atom  had  produced  disordering  in  a region  contain- 
ing about  5300  surrounding  Si  atoms. 

The  trend  lines  for  quartz  and  vitreous  Si02  are  combined  in  Figure  6.2.4, 
which  shows  that  the  two  materials  approach  a similar  density  [Lell  et  al . , 
1966].  Lell  et  al.  state  that  the  difference  between  vitreous  Si02  and 
heavily  irradiated  quartz  is  not  in  the  Si — 0 bond  length,  which  was  said 
to  be  the  same,  but  in  a decreased  Si — Si  distance,  indicating  a smaller 
Si — 0 — Si  bond  angle,  as  found  by  Simon  [1957].  Distances  to  nearest  neigh- 
bors show  a wider  distribution  in  neutron- disordered  quartz  than  in  vitreous 
Si02 . 

Weissman  and  Nakajima  [1963]  used  X-rays  and  TEM  to  correlate  the  density 
changes  in  quartz  with  the  growth  in  clusters  of  interstitial  Si  atoms. 

Figure  6.2.5  shows  this  correlation.  These  authors  also  found  that  the  size 
and  density  of  the  clusters  increased  with  increasing  radiation  dose.  At  a 
fast  neutron  fluence  of  about  8 x 10^^/m^,  the  number  of  clusters  was  so  high 
that  mutual  interaction  occurred  between  the  clusters.  Increasing  radiation 
fluences  (-1  to  1.5  x 10^^/m^)  led  to  the  formation  of  a hexagonal  defect 
structure  which  was  very  stable  and  resistant  to  prolonged  annealing  at  500'C. 
However,  even  at  1.5  x 10^^/m^,  crystals  still  exhibited  considerable  long- 
range  order  and  yielded  single -crystal  electron  diffraction  patterns.  These 
irradiations  were  performed  in  the  Oak  Ridge  reactor,  but  the  temperature  and 
spectrxam  of  the  irradiation  were  not  reported.  The  aggregation  of  defects 
into  clusters  apparently  occurred  near  ambient  temperature.  It  is  not  known 
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Figure  6.2.2.  Density  change  of  vitreous  Si02  after  neutron  irradiation.  The 
fluence  at  (a)  is  estimated  at  2.5  to  4.0  x 10^^/m^.  Data  from  Primak  [1958]. 
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DENSITY  CHANGE 
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Figure  6.2.3.  Density  change  of  quartz  after  neutron  irradiation.  The 
fluence  at  (a)  is  estimated  at  2.5  to  4.0  x 10^^/m^.  Data  from  Primak  [1958]. 
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Figure  6.2.4.  Comparison  of  density  change  of  vitreous  Si02  and  quartz  after 
neutron  irradiation.  Data  from  Lell  et  al.  [1966]. 
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DENSITY  CHANGE 


NEUTRON  FLUENCE,  lO^Vm^ 


Figure  6.2.5.  Correlation  of  density  change  of  quartz  after  neutron 
irradiation  with  formation  of  clusters  of  interstitial  Si  atoms,  detected  by 
electron  microscopy.  Data  from  Weissman  and  Nakaj ima  [1963]. 
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whether  the  higher  densities  of  retained  defects  expected  in  4-K  irradiation 
would  lead  to  cluster  formation  at  fluences  below  8 X 10^^/m^  or  whether 
warming  material  to  ambient  temperature  would  anneal  out  defects  or  cause 
cluster  formation.  The  studies  of  Weissman  and  Nakaj ima  showed  that  defects 
in  quartz  might  not  anneal  as  readily  upon  warm-up  as  defects  in  ionic  oxides, 
such  as  AI2O3  and  MgAl204 , would  be  expected  to  do.  Wittels  and  Sherrill 
[1954]  believed  that  permanent  damage  in  quartz  was  induced  at  an  ambient- 
temperature  fluence  of  -2  x 10^^/m^. 

The  data  discussed  above  concern  volume  changes  arising  primarily  from  dis- 
placements by  neutron  irradiation.  Yet,  in  §6.1,  the  existence  of  volume 
changes  from  ionizing  irradiation  was  emphasized.  Data  on  the  compaction 
of  vitreous  Si02  from  ionization  alone  were  produced  by  Norris  and  EerNisse 
[1974]  using  18-keV  electron  irradiation.  It  is  unlikely  that  a significant 
number  of  atomic  displacements  arises  from  18-keV  electrons.  Furthermore, 
Norris  and  EerNisse  found  that  there  was  no  apparent  threshold  for  the  onset 
of  the  compaction  mechanism  between  2.2  and  18  keV.  These  results  for  18-kev 
electrons,  as  well  as  those  of  Primak  and  Kampworth  [citation,  Norris  and 
EerNisse,  1974]  over  a range  of  electron  energies,  are  given  in  Figure  6.2.6. 
Further  work  with  18-keV  electron  irradiation  showed  significant  changes  in 
the  index  of  refraction  from  this  ionizing  irradiation  [Dellin  et  al.,  1977]. 

Additional  studies  on  the  effect  of  ionizing  radiation  have  been  done.  Some 
of  this  work  is  reviewed  by  Primak  [1975].  Figure  6.2.7  shows  the  effect  of 
the  7 irradiation  dose  on  the  volume  decrease  of  various  commercial  borosili- 
cate  glasses,  to  illustrate  the  effect  of  composition  [Shelby,  1980].  All 
show  a higher  response  to  7 radiation  than  does  pure  Si02.  Figure  6.2.8,  also 
from  Shelby,  indicates  the  effect  of  volume  compaction  on  refractive  index, 
and  Figure  6.2.9  shows  the  large  effect  of  the  volume  compaction  on  the  rela- 
tive coefficient  of  thermal  expansion  for  these  glasses  between  173  and  273  K. 
The  ^°B(n,a)^Li  reaction  does  not  affect  these  results,  since  only  ^°Co  7 
radiation  was  used.  In  pure  Si02,  lida  et  al.  [1991]  reported  that  14-MeV 
neutron  fluences  of  1 to  3 x 10^^/m^  significantly  decreased  the  light  trans- 
mission efficiency. 
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Figure  6.2.6.  Volume  compaction  of  vitreous  Si02  after  18-keV  electron 
irradiation.  Data  from  Norris  and  EerNisse  [1974] . 
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Figure  6.2.7.  Volume  compaction  after  7 irradiation  of  Si02  and  various 
commercial  borosilicate  glasses.  Data  from  Shelby  [1980]. 
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INCREASE  IN  REFRACTIVE  INDEX, 


Figure  6.2.8.  Increase  of  refractive  index  after  neutron  and  electron 
irradiation  of  Si02.  Data  from  Shelby  [1980] . 
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Figure  6.2.9.  Decrease  of  relative  thermal  expansion  (between  173  and  273  K) 
after  7 irradiation  in  various  commercial  borosilicate  glasses.  Data  from 
Shelby  [1980]. 
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6.3.  AMORPHIZATION 


Wittels  and  Sherrill  [1954]  found  that  the  onset  of  permanent  damage  in  quartz 
occurred  at  a neutron  fluence  of  about  2 x 10^^/m^.  They  also  showed  that 
both  neutron- irradiated  quartz  and  vitreous  Si02  were  transformed  into  a dis- 
ordered, amorphous  modification  above  a fast  neutron  fluence  of  about  1.2  x 
10^^/m^.  The  transformed  quartz  has  a density  of  about  2.3  g/cm^  and  a re- 
fractive index  of  about  1.467,  whereas  the  density  of  vitreous  Si02  is  about 
2.21  g/cm^  and  its  refractive  index  is  1.457  [Simon,  1957].  Therefore,  the 
structure  of  amorphized  quartz  is  not  expected  to  be  precisely  the  same  as 
that  of  vitreous  Si02.  Simon  [1957]  used  X-ray  diffraction  after  neutron 
irradiation  to  1.4  x 10^^/m^  (E  > 1 MeV)  to  show  that  the  average  Si — 0 dis- 
tance in  the  quartz  was  the  same  as  that  in  vitreous  silica,  but  the  distance 
for  the  Si  atom  to  the  next  nearest  Si  atom  was  somewhat  smaller  than  in  vit- 
reous Si02.  This  indicates  that  the  bond  angle  is  slightly  smaller  in  the 
disordered  quartz.  The  radial  distances  of  0 atoms  and  Si  atoms  to  second- 
neighbor  0 atoms  showed  a wider  distribution  in  the  disordered  quartz  than  in 
unirradiated  vitreous  Si02.  This  early  work  with  X-ray  techniques  has  been 
confirmed  by  Tsumbu  et  al.  [1982]  and  van  den  Bosch  et  al . [1983],  who  used 
positron-annihilation  measurements  in  neutron- irradiated  quartz  and  vitreous 
Si02  to  show  that  their  physical  state  is  different. 

Despite  the  considerable  degree  of  disorder  and  density  change  in  irradiated 
quartz,  the  dpa  from  direct  neutron  collisions  was  estimated  to  be  only  1.4  x 
10“*.  Simon  estimated  that  this  disorder  could  have  occurred  only  if  each  PKA 
produced  disorder  in  a region  containing  about  5300  surrounding  Si  atoms. 

Since  the  disordering  fluence  at  ambient  temperature  is  only  about  100  times 
the  ITER  TF  magnet  fluence  at  4 K,  significant  disorder  could  arise  from  the 
ITER  fluence  in  vitreous  or  crystalline  Si02,  especially  since  warm-up  is  less 
likely  to  restore  the  original  state  (§1.5). 

Other  aspects  of  the  formation  and  nature  of  the  disordered  state  in  quartz 
have  been  investigated  by  several  authors.  Baeta  and  Ashbee  [1975]  suggested 
that  the  formation  of  a glassy  state  occurred  as  follows:  after  Si  atom  dis- 
placement, four  SiO^  tetrahedron  corners  become  unlinked.  The  adjoining  tetra- 
hedra  then  have  considerable  freedom  of  movement,  and  when  unsaturated  corners 
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subsequently  approach  closely  enough  to  form  a bond,  the  tetrahedra  are  un- 
likely to  be  oriented  according  to  a crystalline  lattice, 

Pascucci  et  al.  [1983,  and  citations  therein]  further  discussed  the  rearrange 
ment  of  Si04  tetrahedra  upon  radiolysis.  Evidence  from  their  TEIM  ultrahigh- 
resolution  structure  imaging,  and  convergent-beam  electron  diffraction  studie 
supported  a transformation  model  in  which  progressive  disorder  evolved  from 
local  rearrangements  of  individual  [SiO^j  units  rendered  less  constrained  by 
lowered  connectivity  afforded  by  the  unlinked  tetrahedra.  The  rate  of  amor- 
phization  was  found  to  be  more  than  a factor  of  two  lower  at  10  K than  at 
ambient  temperature.  However,  this  observation  was  based  on  electron  irra- 
diation, which  induces  amorphization  from  ionizing  radiation.  Displacive 
radiation  from  neutron  irradiation  is  much  more  efficient  at  inducing  amorphi 
zation,  owing  to  the  greater  disorder  within  displacement  cascades  that  makes 
the  necessary  cooperative  rotations  easier  than  the  stepwise  accumulation  of 
broken  Si — 0 — Si  linkages  arising  from  radiolysis  in  electron  irradiation. 
Therefore,  it  is  not  clear  whether  neutron- induced  amorphization  and  disorder 
damage  at  4 K would  be  significantly  retarded  over  that  observed  at  ambient 
temperature.  However,  ionization- induced  amorphization  probably  would  be 
retarded,  owing  to  the  role  of  thermal  motion  in  the  process. 

The  noncrystalline  form  of  quartz  produced  by  rearrangement  of  tetrahedra  may 
not  be  completely  glassy.  One  of  the  characteristics  of  a glassy  state  is 
that  at  4 K and  below,  localized  excitations  known  as  tunneling  systems  exist 
These  tunneling  systems  are  effective  scatterers  of  phonons,  and  affect  ther- 
mal properties,  as  is  discussed  below  (§6.5).  Since  tunneling  systems  can  be 
detected  by  phonon  echo  techniques,  Golding  and  Graebner  [1980]  used  this 
technique  to  investigate  whether  glassy  regions  exist  in  crystalline  quartz 
into  which  only  a small  amount  of  disorder  has  been  introduced  by  irradiation 
Such  investigations  give  information  on  the  effect  of  irradiation  upon  prop- 
erties. After  ambient  irradiation  to  6 x 10^^/m^,  considerably  below  the 
amorphizing  fluence  of  -2  x 10^^/m^,  Golding  and  Graebner  found  that  their 
specimen  was  essentially  indistinguishable  from  unirradiated  quartz  in  terms 
of  sound  velocity,  density,  and  piezoelectric  activity.  Sharp  Bragg  X-ray 
reflections  were  still  present.  However,  a phonon  echo  study  at  20  mK  gave 
evidence  of  resonant  centers  with  the  same  properties  as  those  of  vitreous 
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Si02.  Because  the  change  in  density  at  their  irradiation  fluence  was  only 
0,1%,  whereas  the  difference  in  density  between  quartz  and  vitreous  Si02  is 
20% , Golding  and  Graebner  argued  that  any  local  regions  melted  by  thermal 
spikes  could  constitute  only  a small  fraction  of  the  total  volume  of  the  crys- 
tal and  could  not  be  the  only  loci  of  resonant  systems,  because  the  density  of 
states  would  not  be  large  enough.  They  therefore  concluded  that  tunneling 
systems  could  exist  in  the  inhomogeneous ly  strained  matrix  surrounding  dis- 
placement regions,  and  that  complete  disorder  was  not  required  for  detection 
of  the  glassy  state.  Their  X-ray  studies  suggested  that  these  regions  con- 
tained clusters  of  interstitials,  and  were  on  the  scale  of  nanometers,  perhaps 
ranging  up  to  5 nm  (50  A)  in  extent. 

Laermans  [1979]  obtained  results  similar  to  those  of  Golding  and  Graebner. 

She  irradiated  quartz  to  the  same  fast  neutron  fluence,  -6  x (E  = 

1 MeV)  at  about  60°C.  The  temperature -dependent  behavior  of  the  hypersonic 
attenuation  at  9.4  GHz  between  1.4  and  4.2  K was  completely  different  from 
that  of  a pure  unirradiated  sample,  although  quartz  is  known  to  maintain  long- 
range  order  at  this  fluence.  The  results  were  explained  by  a two-level  system 
model  used  to  describe  disordered,  amorphous  materials,  but  it  was  postulated 
that  the  disorder  occurred  only  in  localized  regions.  The  nature  of  the  local 
disorder  was  not  determined. 

Fischer  et  al.  [1983a]  also  studied  the  formation  of  disorder  in  quartz.  They 
used  RBS  to  investigate  the  degree  of  disorder  by  implantation  of  He'*',  B'*’,  and 
Ar'*’  ions  at  ambient  temperature.  First,  they  noted  that  structural  defects  in 
Si02  could  be  created  by  electronic  energy  deposition,  as  shown  by  electron 
and  light  ion  experiments  [citations,  Fischer  et  al.,  1983a]  and  by  evidence 
discussed  above  in  §§6.1  and  6.2.  In  the  ionization  process,  Si — 0 bonds  are 
broken  with  subsequent  formation  of  Si — O— Si  bridges  and  changes  in  the 
arrangement  of  neighboring  SiO^  tetrahedra.  However,  the  efficiency  of  this 
ionization- induced  damage  is  about  200  times  less  than  the  damage  produced  by 
nuclear  collisions.  Fischer  et  al.  investigated  the  relative  contributions  of 
both  electronic  and  nuclear  energy  deposition  to  the  creation  of  the  amorphous 
or  disordered  state.  They  found  that  disorder  formation  due  to  electronic 
processes  was  possible  only  in  predamaged  crystals,  and  that  the  predominant 
damage  was  produced  by  nuclear  processes  only.  Figure  6.3.1  shows  that  there 
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Figure  6.3.1.  Degree  of  disorder  of  ion -bombarded  quartz.  Data  from  Fischer 
et  al.  [1983a] . 


228 


is  an  initial  region  (Stage  I)  with  a low  degree  of  disorder,  (N'n,ax/No  < 0.15) 
produced  by  Frenkel  defects,  in  which  < 1 x 10^°  keV/cm^  is  deposited.  This 
is  followed  by  formation  of  amorphized  microregions  around  each  particle  tra- 
jectory up  to  -2.5  X 10^°  keV/cm^.  Drastic  structural  and  physical  property 
changes,  such  as  a large  volume  expansion,  occur  at  the  higher  energy  deposi- 
tion. The  number  of  disordered  atoms  per  keV  of  incident  energy  was  much 
higher  than  predicted  by  the  Kinchin-Pease  model  (§1.2.1).  Using  = 25  eV 
for  quartz,  as  determined  by  Primak  (§6.1),  the  model  gives  an  averaged 
nuclear  deposited  energy  of  about  60  eV  for  the  production  of  one  Frenkel 
pair.  The  observed  average  nuclear  deposited  energy  for  the  generation  of  one 
disordered  atom  was  only  8 eV  in  Stage  I.  The  discrepancy  with  theory  would 
be  smaller  if  the  values  of  Das  and  Mitchell  [1974]  for  were  used  instead 
of  the  value  of  Primak,  since  these  values  were  5.4  eV  (Si)  and  9.5  eV  (0). 
However,  in  Stage  II,  at  higher  defect  concentration,  this  average  nuclear 
deposited  energy  drops  to  about  1 eV.  The  discrepancy  was  attributed  to  a 
shifting  of  SiO^,  tetrahedra  against  each  other  that  yielded  RBS-amorphous 
microregions . 

Finally,  with  regard  to  the  amorphization  of  quartz  by  neutron  fluences  of 
-10^^  to  10^^/m^,  note  that  comparative  X-ray  studies  of  other  oxides,  such  as 
MgO  and  MgAl204,  that  were  exposed  to  this  fluence  have  shown  little  differ- 
ence in  the  X-ray  diffraction  pattern  from  that  of  the  unirradiated  material 
[Primak,  1954].  Thus,  quartz  appears  more  subject  to  severe  radiation  damage 
than  other  ceramic  oxides.  For  comparison  with  other  ion  irradiation  studies, 
note  that  Fischer  et  al.  [1983b]  found  that  a quasi -random  arrangement  of  both 
Si  and  0 atoms  was  obtained  from  150-keV  Ar"^  fluences  >5  x 10^^/m^,  according 
to  RBS  examination. 

Vitreous  Si02  is  already  amorphous,  and  its  cryogenic  properties,  such  as 
thermal  conductivity  and  specific  heat,  can  be  explained  by  the  tunneling- 
states  model  for  localized  excitations  that  was  used  above  to  explain  disorder 
in  quartz  after  irradiation.  Neutron  irradiation  of  vitreous  Si02  should 
reduce  the  number  of  localized  excitations,  but  the  amorphous  nature  of  the 
material  should  not  be  lost.  Smith  et  al . [1978]  irradiated  vitreous  Si02  to 
fluences  to  5 x 10^^/m^  at  ambient  temperatures  and  then  measured  the  thermal 
conductivity  and  specific  heat  between  0.1  and  100  K.  The  results  are 
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presented  in  Figures  6.5.1  and  6.5.9  in  §6.5.  The  thermal  conductivity  in- 
creased and  the  specific  heat  decreased.  Smith  et  al . explained  their  results 
by  a change  of  density  of  tunneling  states  owing  to  a modification  of  the 
already -amorphous  structure. 

6.4.  MECHANICAL  PROPERTIES 

6.4.1.  Flexural  Strength 

Because  several  cases  of  shattering  of  Si02  glass  at  77  K had  been  observed 
when  it  was  used  in  the  construction  of  apparatus  for  irradiation,  Thompson 
[1957]  tested  vitreous  Si02  rods  in  3-point  bending  tests  at  77  K.  Specimens 
were  irradiated  at  lOO^C  and  tested  at  77  K in  sets  of  12;  the  mean  values 
from  these  sets  and  their  standard  deviations  are  shown  in  Figure  6.4.1.  The 
large  standard  deviations  are  due  to  the  influence  of  surface  conditions  on 
the  fracture  strength.  One  set  of  rods  was  irradiated  at  77  K.  Whether  or 
not  these  specimens  were  warmed  to  ambient  temperature  before  being  inserted 
into  the  testing  apparatus  was  not  reported,  but  warm-up  seems  likely,  because 
the  diagram  of  the  apparatus  indicated  that  one  specimen  at  a time  was  tested. 
Thompson  concluded  that  there  was  no  change  in  strength,  greater  than  10%,  for 
fluences  of  the  order  of  10^^/m^,  and  that  shattering  under  irradiation  was 
not  due  to  loss  of  strength.  However,  the  author  did  not  account  for  the 
possible  annealing  of  damage  at  100°C  or  during  specimen  warm-up,  after  the 
irradiation  was  conducted  at  77  K.  Therefore,  the  conditions  under  which 
vitreous  Si02  failed  in  service  were  apparently  not  completely  reproduced  in 
the  tests.  It  is  of  interest  that  the  293 -K  value  of  flexural  strength  of  a 
set  of  unirradiated  specimens  was  17.3  ± 1.4  Mpa.  Figure  6.4.1  shows  that  an 
increase  of  about  70%  in  the  strength  of  the  glass  occurred  at  77  K.  Perhaps 
a drop  in  fracture  toughness  rather  than  a change  in  strength  under  irradia- 
tion was  responsible  for  the  failures  in  vitreous  Si02. 

Flexural  strength  measurements  on  borosilicate  and  soda- lime  glasses  were  made 
by  Mike  et  al.  [1960]  after  irradiation  by  2-MeV  electrons.  No  effect  on  the 
strength  was  found  from  doses  up  to  3 x 10^  Gy.  Flexural  strengths  reported 
were  about  49  and  69  MPa  for  borosilicate  and  soda- lime  glasses,  respectively, 
considerably  above  the  strengths  reported  for  vitreous  Si02  by  Thompson.  The 
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Figure  6.4.1.  Flexural  strength  of  vitreous  Si02  at  77  K after  neutron 
irradiation  at  ambient  and  77-K  temperatures.  Data  from  Thompson  [1957]. 
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relatively  small  dose  in  these  electron  irradiations  did  not  produce  a density 
change . 

6.4.2.  Elastic  Moduli 

An  increase  in  Young's  modulus  of  1.42%  and  a decrease  in  the  shear  modulus  of 
3.8  % were  measured  by  Mayer  and  Gigon  [citation,  Wullaert  et  al.,  1964]  for 
vitreous  Si02  after  a fast  neutron  fluence  of  7 x 10^^/m^  at  55*C. 

Strakna  et  al.  [1963]  irradiated  vitreous  Si02  specimens  of  optical  quality  at 
an  unspecified  ambient  temperature  to  a higher  fast  neutron  fluence  of  more 
than  5 x 10^^/m^  (E  > 0.01  MeV) . The  unirradiated  samples  had  a density  of 
2.203  g/cm^  and  the  irradiated  samples  had  a density  of  2.26  g/cm^ . The 
specimens  may  have  been  stored  for  a considerable  period  before  the  ultrasonic 
attenuation  and  shear  longitudinal  velocities  were  measured  at  cryogenic  tem- 
peratures. In  an  isotropic  solid,  the  shear  modulus  and  compressibility  can 
be  determined  from  these  velocities.  The  results  are  shown  in  Figures  6.4.2 
and  6.4.3.  The  absolute  value  of  the  shear  modulus  changed  by  less  than  2%, 
at  the  lowest  temperature  and  the  300 -K  change  was  below  that  reported  by 
Mayer  and  Gigon.  However,  the  compressibility  decreased  by  -20%. 

Paymal  and  LeClerc  [1964]  measured  the  change  in  Young's  modulus  in  various 
glasses  by  thermal  neutron  irradiation  of  up  to  -4  x lO^V™^  about  150*0. 

The  effect  of  the  neutrons  was  magnified  through  the  ^°B(n,a)^Li  reaction, 
since  B was  added  to  all  glasses.  Both  increases  and  decreases  of  several 
percent  in  Young's  modulus  were  measured  by  the  longitudinal  vibration  re- 
sonance method  in  a nvimber  of  glasses. 


6.5.  THERMAL  PROPERTIES 

6.5.1.  Specific  Heat 

Neutron  irradiation  of  vitreous  Si02  at  ambient  temperatures  decreases  the 
specific  heat  at  cryogenic  temperatures  but  increases  the  thermal  conductivity 
[citations.  Smith  et  al . , 1978].  Several  authors  have  suggested  that  the 
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Figure  6.4.2.  Effect  of  neutron  irradiation  upon  the  cryogenic  shear  modulus 
of  vitreous  Si02.  Data  from  Strakna  et  al . [1963]. 
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Figure  6.4.3.  Effect  of  neutron  irradiation  upon  the  compressibility  of 
vitreous  Si02.  Data  from  Strakna  et  al . [1963]. 
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irradiation  reduces  the  number  of  localized  excitations,  but  does  not  alter 
the  amorphous  nature  of  vitreous  Si02  [citations,  Smith  et  al . , 1978].  When 
specific  heat  and  thermal  conductivity  measurements  were  made  before  and  after 
irradiation  on  samples  cut  from  a single  piece  of  vitreous  Si02,  a localized 
excitation  model  was  used  to  explain  the  results  quantitatively.  The  changes 
in  specific  heat  and  thermal  conductivity  were  attributed  to  a change  in  the 
density  of  localized  excitations  ( tunneling- states  model)  [Smith  et  al . , 

1978].  As  a practical  matter,  however,  the  decrease  in  specific  heat  at  ~4  K 
is  relatively  small,  even  for  an  ambient  irradiation  of  1.7  x 10^^/m^  (E  > 0.1 
MeV) , as  Figure  6.5.1  indicates.  Whether  or  not  the  change  in  specific  heat 
would  be  more  significant  for  4-K  irradiation  is  not  known. 

In  contrast  to  the  vitreous  material,  the  specific  heat  of  quartz  increased 
somewhat  after  neutron  irradiation.  Figure  6.5.2  indicates  this  change  after 
ambient  irradiation  to  5.3  x 10^^/m^  (E  > 1 MeV)  [Saint-Paul  and  Lasjaunias, 
1981].  There  is  no  recovery  after  thermal  annealing  of  2 h at  400’’C.  The 
specific  heat  of  the  irradiated  quartz  became  similar  to  that  of  unirradiated 
vitreous  Si02. 

Gardner  and  Anderson  [1981a]  carried  out  a similar  experiment,  but  irradiated 
quartz  to  a higher  f luence , 2 x 10^^/m^  (E  > 0.1  MeV).  Their  results,  divided 
by  T^  to  emphasize  the  departure  from  the  Debye  behavior  of  the  undamaged 
crystal,  are  shown  in  Figure  6.5.3.  The  effect  at  ~4  K seems  to  be  somewhat 
smaller  than  at  lower  temperatures.  This  presentation  of  the  data,  (specific 
heat)/T^,  indicates  the  differences  between  the  specific  heat  of  unirradiated 
quartz  and  unirradiated  vitreous  Si02.  Both  Gardner  and  Anderson  [1981a]  and 
Saint-Paul  et  al.  [1982]  published  extensive  theoretical  interpretations  of 
their  results.  This  discussion  is  perhaps  most  relevant  to  the  lower  tempera- 
ture data  well  below  4 K.  One  theoretical  curve  is  shown  in  Figure  6.5.3. 

Chaussy  et  al.  [1979]  also  found  a significant  increase  in  the  cryogenic 
specific  heat  of  quartz  after  7 irradiation  up  to  10^  Gy.  However,  the 
measurements  did  not  extend  to  4 K and  the  specific  heats  of  the  irradiated 
specimens  appeared  to  be  approaching  that  of  the  unirradiated  specimen  at  -2  K 
(Figure  6.5.4).  In  agreement  with  the  7- irradiation  results,  no  significant 
changes  were  observed  above  3 K in  the  specific  heat  after  3 -MeV  electron 
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Figure  6.5.1.  Cryogenic  specific  heat/T^  of  vitreous  Si02  after  neutron 
irradiation.  Higher  fluence  data  omitted  for  clarity.  Solid  lines  indicate 
calculations  from  model.  Data  from  Smith  et  al . [1978]. 


236 


SPECIFIC  HEAT,  J/(kg-K) 


TEMPERATURE,  K 


Figure  6.5.2.  Specific  heat  of  quartz  after  neutron  irradiation  and  thermal 
annealing,  compared  to  specific  heat  of  unirradiated  vitreous  silica.  Data 
from  Saint-Paul  and  Lasjaunias  [1981]. 
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Figure  6.5.3.  Specific  heat/T^  of  quartz  after  neutron  irradiation,  compared 
to  that  of  unirradiated  vitreous  silica  and  a theoretical  calculation.  Data 
from  Gardner  and  Anderson  [1981a]. 
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Figure  6.5.4.  Specific  heat  of  quartz  after  7 irradiation.  Data  from  Chaussy 
et  al.  [1979] . 
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irradiation,  although  deviations  again  were  seen  at  lower  temperatures  (Fig- 
ure 6.5.5)  [Hofacker  and  Lohneysen,  1981].  The  electron  fluence  was  1.9  x 
lO^Vm^ . 

6.5.2.  Thermal  Conductivity 

Berman  [1951,  1952]  measured  the  cryogenic  thermal  conductivity  of  quartz 
irradiated  at  a temperature  below  100° C to  (thermal)  neutron  fluences  up  to 
3.4  X 10^^/m^.  Figure  6.5.6  shows  these  data;  the  thermal  conductivity 
approaches  that  of  vitreous  Si02  as  the  fluence  is  increased.  No  difference 
was  detected  when  specimens  were  kept  at  100°C  for  3 weeks.  Laermans  and 
Daudin  [1980]  and  Laermans  et  al . [1980]  extended  this  type  of  measurement 
down  to  lower  temperatures;  the  fast  neutron  fluence  was  probably  lower,  6 x 
10^^/m^,  but  the  results,  shown  in  Figure  6.5.7,  are  consistent,  given  the 
uncertainties  in  the  irradiation  conditions.  This  investigation  was  also  an 
extension  of  the  work  of  Golding  and  Graebner  [1980]  on  low  energy,  localized 
excitations  (2LS)  in  neutron- irradiated  quartz;  this  work  was  described  above 
(§6.3).  It  had  shown  that  phonon  echoes  in  irradiated  quartz  were  similar  to 
those  in  vitreous  Si02.  Laermans  and  Daudin  noted  that  the  fast-neutron  irra- 
diation of  quartz  introduces  the  2LS  while  the  irradiation  of  the  vitreous 
material  reduced  the  number  of  such  systems.  They  made  acoustic  measurements 
to  detect  the  2LS  in  electron-  as  well  as  neutron- irradiated  quartz.  As 
discussed  above  (§1.2.2),  electrons  give  rise  to  single,  scattered  defects, 
whereas  neutrons  cause  both  single  defects  and  clusters  of  defects.  The 
thermal  conductivity  data  gave  no  evidence  for  2LS  in  the  electron- irradiated 
sample,  but  did  in  the  case  of  neutron  irradiation.  These  excitations  are 
detected  by  a T^  behavior  at  very  low  temperatures.  From  Figure  6.5.7,  it  is 
clear  that  the  temperature  dependence  of  the  thermal  conductivity  of  the 
neutron- irradiated  specimens  resembles  that  of  the  glass,  while  that  of  the 
electron- irradiated  specimen  remains  similar  to  quartz.  When  Hofacker  and 
Lohneysen  [1981]  irradiated  quartz  with  electrons,  a similar  shift  of  the  peak 
to  a higher  temperature  was  observed  (Figure  6.5.8). 

Gardner  and  Anderson  [1981a]  have  extended  this  t3rpe  of  measurement  down  to 
even  lower  temperatures  below  0.1  K.  Figure  6.5.9  shows  that  a continuation 
of  the  decrease  in  thermal  conductivity  and  the  T^  temperature  dependence  was 
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Figure  6.5.5.  Specific  heat  of  quartz  after  electron  irradiation.  Data  and 
citation  from  Hofacker  and  Lohneysen  [1981]. 
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Figure  6.5.6.  Thermal  conductivity  of  quartz  after  neutron  irradiation, 
compared  with  vitreous  Si02.  Data  from  Berman  [1951,  1952]  and  Berman  et  al. 
[1950] . 
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Figure  6.5.7.  Thermal  conductivity  of  neutron-  and  electron- irradiated 
quartz,  compared  with  that  of  vitreous  Si02.  Only  a portion  of  the  original 
data  points  is  shown.  Data  from  Laermans  et  al . [1980]. 
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Figure  6.5.8.  Thermal  conductivity  of  quartz  after  electron  irradiation. 
Data  from  Hof acker  and  Lohneysen  [1981] . 
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Figure  6.5.9.  Thermal  conductivity  of  quartz  after  neutron  irradiation, 
compared  with  that  of  vitreous  Si02.  Data  from  Gardner  and  Anderson  [1981a]. 
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obseirved  at  fluences  up  to  2.1  x 10^^/m^(E  >0.1  MeV)  . In  addition,  the 
results  of  Berman  are  plotted  in  this  figure,  as  well  as  data  on  the  irradia- 
tion of  vitreous  Si02  from  Smith  et  al . [1978].  In  the  case  of  the  vitreous 
material,  the  neutron  irradiation  improves  the  thermal  conductivity.  This 
is  presumably  in  agreement  with  the  decrease  of  2LS  under  neutron  irradiation 
noted  above.  These  data  on  vitreous  Si02  are  shown  in  more  detail  in  Fig- 
ure 6.5.10,  along  with  theoretical  calculations.  This  interesting  result 
is  corroborated  by  the  work  of  Raychaudhuri  and  Pohl  [1982],  shown  in  Fig- 
ure 6.5.11.  These  data  are  related  to  the  change  in  density  of  the  irradi- 
ated material  in  Figure  6.5.12;  that  is,  they  are  shown  to  have  approximately 
the  same  dependence  upon  fluence  and  saturation.  Despite  the  increase  in 
conductivity  after  irradiation,  Raychaudhuri  and  Pohl  observed  that  neutron- 
irradiated  vitreous  Si02  was  considered  to  be  more  disordered  than  unirradi- 
ated vitreous  Si02.  The  theories  of  the  increase  in  thermal  conductivity 
with  irradiation  are  discussed  in  detail  by  both  Raychaudhuri  and  Pohl  and 
by  Gardner  and  Anderson. 

For  historical  accuracy,  note  that  the  increase  in  thermal  conductivity  in 
vitreous  Si02  after  neutron  irradiation  (at  higher  cryogenic  temperatures) 
was  reported  much  earlier,  by  Cohen  [1958].  These  results  are  shown  in  Fig- 
ure 6.5.13.  At  that  time,  somewhat  different  theoretical  explanations  were 
advanced  (e.g.,  Klemens,  [1958]).  Cohen  also  measured  the  density  increase. 
For  the  highest  fluence,  it  approached  the  limiting  density  for  both  quartz 
and  vitreous  Si02  after  prolonged  neutron  irradiation. 

The  relevance  of  all  these  ambient- irradiation  data  for  the  ITER  TF  magnet 
conditions  at  4 K is  that  for  both  crystalline  and  vitreous  Si02,  the  satura- 
tion changes  in  thermal  conductivity  (decrease  or  increase,  respectively)  can 
be  taken  an  an  approximation  to  the  situation  which  should  obtain  after  exten- 
sive 4-K  irradiation  in  which  the  fluence  may  be  lower,  but  the  defects  re- 
tained may  approximate  those  of  ambient- temperature  fluences  about  100  times 
higher.  However,  direct  measurements  of  the  thermal  conductivity  after  4-K 
irradiation  with  warm-up  would  be  essential  to  obtain  design  data. 
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Figure  6.5.10.  Thermal  conductivity  of  vitreous  Si02  after  neutron 
irradiation.  Solid  lines  are  calculated  from  the  tunneling  states  model. 
Data  from  Smith  et  al.  [1978]. 
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Figure  6.5.11.  Thermal  conductivity  of  vitreous  Si02  after  neutron 
irradiation.  Data  from  Raychaudhuri  and  Pohl  [1982]. 
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Figure  6.5.12.  Relative  change  of  density  and  thermal  resistivity  of  vitreous 
Si02  with  increasing  neutron  fluence.  Data  from  Raychaudhuri  and  Pohl  [1982]. 
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Figure  6.5.13.  Thermal  conductivity  of  vitreous  Si02  after  neutron 
irradiation.  Data  from  Cohen  [1958]. 
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6.5.3.  Thermal  Expans ion 


At  ambient  temperature,  Meyer  and  Gigon  [citation,  Wullaert  et  al.,  1964] 
reported  no  significant  changes  in  the  coefficients  of  thermal  expansion  of 
both  quartz  and  vitreous  Si02  after  a fast  neutron  fluence  of  7 x 
55“C.  When  Simon  [1958]  measured  the  thermal  expansion  of  quartz  after  a 
higher  fluence  that  produced  vitrification,  he  found  a value  approximately 
equivalent  to  that  of  vitreous  Si02. 

Some  thermal  expansion  properties  at  cryogenic  temperature  of  quartz  and 
vitreous  Si02  were  measured  after  ambient- temperature  neutron  irradiation  by 
White  and  Birch  [1965].  Figure  6.5.14  shows  the  small  increase  in  thermal 
expansion  of  quartz  between  4 and  8 K after  a neutron  fluence  of  10^^/m^  which 
decreased  the  density  by  only  0.5%.  (A  higher  fluence  of  5 x 10^^/m^  cracked 
the  quartz  cylinder.)  Between  10  and  20  K,  the  thermal  expansion  was  in- 
creased by  -10%,  from  20  to  25  K,  by  only  5%,  and  at  293  K,  by  only  1.4%. 
Perhaps,  this  is  an  example  of  the  greater  effect  of  radiation  upon  cryogenic 
properties  than  upon  ambient- temperature  properties. 

In  contrast  to  quartz,  the  thermal  expansion  coefficient  of  vitreous  Si02, 
which  is  negative  below  -200  K,  is  2 to  4 times  smaller  (in  magnitude)  after 
irradiation,  as  shown  in  Figure  6.5.15.  But,  again,  the  effect  of  radiation 
on  the  thermal  expansion  appears  to  decrease  as  the  temperature  increases. 
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Figure  6.5.14.  Linear  thermal  expansion  per  unit  length  of  quartz,  before  and 
after  an  ambient -temperature  neutron  fluence  of  10^^/m^.  The  cylinder  axis 
was  normal  to  the  optic  axis.  Data  from  White  and  Birch  [1965]. 
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Figure  6.5.15.  Thermal  expansion  coefficient  of  vitreous  Si02,  before  and 
after  an  ambient- temperature  neutron  fluence  of  5 x 10^^/m^.  Data  from  White 
and  Birch  [1965] . 
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7.  LOW  TEMPERATURE  IRRADIATION  OF  SPINEL 

7.1.  DEFECT  DENSITY 

7.1.1.  Frenkel  Defects 

Optical  band  absorption  has  been  the  usual  method  of  measuring  the  density  of 
Frenkel  defects  of  insulators  after  irradiation.  Perhaps  because  the  identi- 
fication of  absorption  bands  with  trapped  electron  defect  centers  has  been 
less  certain  for  MgAl204  than  for  AI2O3  and  MgO  [Crawford,  1984]  , there  are 
fewer  studies  in  the  literature.  A careful  investigation  that  identified  the 
bands  associated  with  the  center  (one  electron  trapped  at  an  0-ion  vacancy) 
and  the  F center  (two  electrons  trapped  at  an  0-ion  vacancy)  did  not  appear 
until  1980  [Summers  et  al. , 1980],  (However,  the  5.3-eV  band  was  associated 
by  Bunch  [1977a]  with  0 displacement  on  the  basis  of  an  energy  relationship 
with  other  oxides.)  Another  complication  is  that  additional  optical  absorp- 
tion bands  are  associated  with  impurity  effects  produced  by  the  ionizing  ra- 
diation that  accompanies  displacive  radiation  [Cain  et  al . , 1988].  Summers  et 
al.  carried  out  their  study  using  specimens  of  low  Fe  content  of  76  or  20  ppm. 

These  authors  then  used  the  5.3-eV  absorption  band  identified  with  the  F cen- 
ter as  an  index  of  the  displacement  process  to  determine  the  threshold 
energy  for  creating  vacancies  by  electron  ion  irradiation.  Electron  ir- 
radiation was  carried  out  at  77  K as  well  as  at  ambient  temperature,  but  the 
specimens  were  warmed  to  ambient  temperature  before  the  optical  absorption 
spectrum  was  measured.  The  threshold  energy  obtained  at  77  K was  325  keV 
(Figure  7.1.1a),  which  gives  an  £^(0)  of  59  eV  [Equation  (1.5)].  The  use  of 
Smakula's  equation  [Equation  (2.1)]  indicated  that  about  30  incident  electrons 
of  0.5  MeV  energy  produced  one  0 vacancy  at  77  K.  At  the  same  electron  energy 
at  300  K,  the  rate  of  defect  production  was  at  least  a factor  of  6 lower.  The 
results  for  the  threshold  at  300  K were  also  different  (Figure  7.1.1b),  giving 
an  apparent  E^  of  130  eV.  Summers  et  al . explained  the  difference  with  the 
77 -K  value  by  noting  that  what  is  measured  by  the  threshold  is  not  the  indi- 
vidual displacement  event,  but  a stable  damage  complex,  owing  to  the  interval 
between  irradiation  and  measurement.  The  displaced  is  expected  to  imme- 
diately lose  one  electron  and  to  become  0“,  which  is  much  smaller  and  moves 
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Figure  7.1.1.  Optical  density  at  the  5.3-eV  (235-nni)  absorption  peak  as  a function  of  incident  electron 
energy  measured  at  -300  K,  after  (a)  77 -K  or  (b)  ~300-K  irradiation.  Corrected  for  thickness  losses.  Data 
from  Summers  et  al.  [1980]. 


easily  through  the  lattice,  so  its  probability  of  recombination  with  an  inter- 
stitial is  quite  large.  Thus,  the  creation  of  stable  0 vacancies  requires  the 
trapping  of  corresponding  interstitials.  This  trapping  would  occur  more  easi- 
ly at  77  K.  The  of  130  eV  is  much  higher  than  those  of  most  other  ceram- 

ics. Parker  et  al.  [1985]  noted  that  ceramics  with  a complex  structure  and 
larger  unit  cell  probably  were  more  resistant  to  radiation  effects  because  it 
is  more  difficult  to  nucleate  defect  aggregates  within  them. 

As  described  above  in  §§1.2.1  and  2.1.1,  Dell  and  Goland  [1981]  published 
calculated  values  of  the  displacement  cross  section  for  several  multicomponent 
nonmetals.  Their  results  for  AI2O3  and  MgAl204  were  given  above  in  Table 
1.2.3.  For  comparable  neutron  spectra,  the  a^is  for  MgAl204  are  lower  by  a 
factor  of  about  13  for  Al  and  by  a factor  of  about  2 for  0 than  those  for 
AI2O3.  However,  the  MgAl204  calculations  are  based  upon  values  of  86,  77, 
and  130  eV  for  Mg,  Al , and  0,  respectively.  Because  the  value  chosen  for  E^j 
enters  into  the  calculation  only  as  E^"^,  the  displacement  cross  sections  of 
Dell  and  Goland  can  be  easily  recalculated  for  different  value  of  E^.  Since 
their  value  of  E^jCAl)  in  AI2O3  was  18  eV,  but  was  77  eV  in  MgAl204 , it  is  pos- 
sible that  additional  measurements  of  E^CAl)  could  lower  the  apparent  favor- 
able factor  of  13  for  Al  displacement  in  MgAl20^  as  compared  to  AI2O3.  In 
fact,  the  86  eV  value  for  E(j(Mg)  and  the  77  eV  value  for  Ejj(Al)  are  based 
upon  one  threshold  energy  published  in  an  abstract  used  by  Dell  and  Goland 
[Crawford  et  al.,  1978].  The  abstract  was  published  before  the  defect  respon- 
sible for  the  threshold  energy  was  identified  as  an  0 vacancy  [Summers  et  al., 
1980],  and  so  gave  only  potential  E^  values  for  Mg  and  Al . Strictly  speaking, 
the  Ej  values  published  in  this  abstract  for  Mg  and  Al  have  no  foundation,  al- 
though they  have  been  widely  quoted  in  the  literature.  More  recently,  Zinkle 
[1989]  noted  that  values  of  60  eV  for  Mg  and  20  eV  for  Al  were  suggested  by 
Parker  [1984,  cited  in  Zinkle,  1989],  Furthermore,  since  Dell  and  Goland 
chose  the  ambient- temperature  E^CO)  value  of  130  eV  rather  than  the  77-K  value 
of  59  eV  discussed  above,  their  for  0 at  4 K should  probably  be  at  least 

a factor  of  2 higher.  The  E^CO)  in  AI2O3  did  not  appear  to  be  lower  at  77  K 
than  at  ambient  temperature  (§2.1.1,  Pells  and  Phillips  [1979a]),  If  the  EBR 
II  spectrum  of  Dell  and  Goland  is  chosen  as  approximately  representative  of 
the  ITER  TF  magnet  spectrum,  but  the  E^CO)  determined  at  77  K is  used,  then 
the  fluence  of  10^^/m^  times  the  displacement  cross  sections  for  Mg,  Al , and  0 
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gives  4.38,  9.95,  and  23.5  x 10“^  dpa,  respectively,  considerably  below  the 
dpas  for  AI2O3  determined  by  the  same  procedure  (§2.1.1).  However,  since  none 
of  the  E(j  values  have  been  determined  at  4 K,  the  a^isS  and  dpas  at  4 K may 
actually  be  about  the  same  for  AI2O3  and  MgAlaO^  > their  apparent  inequality 

in  the  paper  by  Dell  and  Goland  should  not  be  used  to  discriminate  between  the 
two  ceramics  at  present. 

The  change  in  optical  absorption  of  MgAl204  after  cryogenic  irradiation, 
presumably  at  -4  K,  in  the  Low  Temperature  Neutron  Irradiation  Facility  of 
the  Oak  Ridge  National  Laboratory  was  reported  by  Cain  et  al.  [1988].  The 
results,  which  apply  to  0 displacements,  are  shown  in  Figure  7.1.2.  However, 
the  parameters  to  use  in  the  Smakula  equation  [Equation  (2.1)]  were  not  given, 
and,  apparently,  the  absorption  was  measured  at  ambient  temperature,  allowing 
recovery  of  a major  portion  of  the  defects  produced  at  the  cryogenic  tem- 
perature. Therefore,  these  data  do  not  provide  an  estimate  of  the  4-K  dpa. 
Although  the  authors  state  that  saturation  began  above  10^^/m^,  the  same  con- 
siderations of  recovery  apply  to  this  conclusion,  so  the  fluence  at  which 
saturation  begins  in  MgAl20i,  at  4 K is  also  unknown. 

Optical  absorption  and  other  techniques  have  been  used  to  study  MgAl204,  after 
ionizing  radiation  (X-ray  or  7)  [Ibarra  et  al . , 1991a, b].  In  this  case,  the 
unirradiated  material  has  a large  number  of  lattice  defects , owing  to  the 
extensive  cation  disorder  and  nonstoichiometry,  and  the  ionizing  radiation 
only  induces  changes  in  the  electric-charge  state  of  preexisting  defects. 

No  evidence  has  been  presented  for  displacement  damage  in  MgAl20^  as  a result 
of  ionizing  radiation,  as  was  reported  for  Si02  (§6.1).  However,  this  possi- 
bility is  discussed  by  Zinkle  [1991].  The  intensities  of  various  ionization 
phenomena  were  higher  by  a factor  of  about  2.5  when  irradiation  and  detection 
took  place  at  90  K rather  than  at  300  K [Ibarra  et  al . , 1991a]. 

7.1.2.  Dislocation  Loops;  Defect  Aggregates 

Buckley  [1986]  irradiated  polycrystalline  MgAl204  with  intense  1-MeV  electron 
beams  at  temperatures  from  880  to  1320  K,  but  did  not  observe  any  dislocation 
loops  with  TEM.  The  doses  exceeded  10  and  30  dpa  on  the  respective  cation  and 
anion  sublattices  in  the  range  of  800  to  1300  K.  In  contrast,  both  AI2O3  and 
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Figure  7.1.2.  The  magnitude  of  the  peak  optical  absorption  coefficient  of  the 
F center  (at  5.3  eV)  after  cryogenic  neutron  irradiation  of  MgAl204,.  Data  from 
Cain  et  al.  [1988] . 
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MgO  were  reported  to  nucleate  dislocation  loops  easily  at  these  doses.  Visi- 
ble structural  damage  in  MgAl204,  was  observed  above  -10^^  electrons/m^ , more 
quickly  at  the  higher  temperatures.  Various  structures  were  described  by 
Buckley,  but  these  observations  apparently  were  made  only  between  800  and 
1300  K.  Implanted  He  (1000  ppm)  did  not  nucleate  dislocations  in  this  poly- 
crystalline material.  Although  previous  measurements  at  high  temperatures  on 
single-crystal  MgAl204  had  indicated  resistance  to  voids,  it  was  conceivable 
that  He  gas  bubbles  derived  from  (n,a)  reactions  in  grain  boundary  impurities 
might  allow  nucleation  in  polycrystalline  material.  However,  Parker  [citation 
in  Buckley  and  Shaibani , 1987]  did  observe  evolution  of  dislocation  loops 
without  void  production  in  hyperstoichiometric  crystals  using  the  same  model 
of  electron  microscope.  Buckley  and  Shaibani  therefore  ascribed  the  disparity 
in  results  to  differences  in  material  composition.  Furthermore,  neutron  ir- 
radiation also  produced  dislocation  loops , but  observations  again  were  made 
above  ambient  temperature  (680  and  815  K)  [Parker  et  al . , 1985].  When 
Fukushima  et  al . [1990]  irradiated  nonstoichiometric  spinel  to  a fluence  of 
8.3  X 10^^/m^  (E  > 1 MeV)  at  373  K,  TEM  revealed  no  evidence  of  aggregate 
damage.  The  Al203/Mg0  ratio  of  these  specimens  was  3. 

An  investigation  of  light  ion  irradiation  damage  in  AI2O3 , MgO,  and  MgAl20^ 
by  Zinkle  [1991]  has  illuminated  the  differences  in  response  of  these  three 
ceramic  oxides.  Spinel  was  found  to  have  a suppression  of  dislocation  loop 
formation  compared  to  that  of  AI2O3 ; MgO  was  intermediate  between  the  two. 

The  difference  was  traced  to  the  ratio  of  ionizing  to  displacive  energy  loss. 

This  ratio  evidently  must  be  less  than  -10  to  produce  resolvable  defect  aggre- 
gates in  MgAl20^  at  650°C,  but  defects  will  be  produced  in  AI2O3  for  ionizing- 

to-displacive  dose  ratios  of  up  to  -1000.  The  dose  ratio  in  MgO  is  similar  to 

that  of  AI2O3  [Zinkle,  1993b].  Since  this  dose  ratio  is  -10  to  20  during  neu- 
tron irradiation  of  ceramics,  this  observation  explains  the  relative  radiation 
resistance  of  MgAl204  compared  to  AI2O3 . Zinkle  lists  various  possible  effects 
of  ionizing  radiation  upon  displacive  damage  processes;  this  area  is  not  well 
understood,  but  significant  effects  have  been  demonstrated.  Zinkle  also  notes 
that  the  critical  ratio  of  ionizing  to  displacive  energy  losses  for  producing 
defect  aggregates  depends  strongly  upon  the  irradiation  temperature.  For 
example,  irradiation  of  AI2O3  with  ^He'*'  ions  at  ambient  temperature  did  not 
produce  observable  damage,  although  dislocation  loops  were  found  at  800*C. 
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Therefore,  the  distinction  in  radiation  resistance  between  MgAl20^,  MgO,  and 
AI2O3  may  be  primarily  a high- temperature  phenomenon  that  does  not  necessarily 
apply  to  4-K  irradiations.  In  fact,  Zinkle  [1989]  noted  that  small  disloca- 
tion loops  (-1  to  10  run)  were  observed  in  a nonirradiated  MgAl204  that  was 
prepared  by  6-keV  Ar  ion  milling  at  ambient  temperature  and  even  at  77  K.  In 
contrast  to  this  observation,  Cain  et  al . [1988]  found  "little  evidence  for 
the  formation  of  optical  bands  attributable  to  cluster  defects  from  neutron 
irradiation."  Cain  et  al.  irradiated  MgAl204  specimens  cryogenically , but, 
evidently,  optical  observations  were  made  subsequently  at  ambient  temperature. 

7.2.  CHANGE  IN  VOLUME 

The  change  of  volume  of  single-crystal  MgAl20^  after  irradiation  with  14-MeV 
neutrons  at  SO'C  (323  K)  was  measured  by  Tanimura  et  al.  [1987].  The  results 
were  shown  in  Figure  2.2.2  (§2.2,  above),  since  single -crystal  AI2O3  was  also 
irradiated.  A volume  change  of  about  0.003%  was  observed  at  a fluence  of 
about  2.5  X 10^^/m^.  This  volume  change  in  MgAl204  was  found  to  be  smaller 
than  that  of  AI2O3  by  a factor  of  about  3.5.  Furthermore,  since  the  volume 
change  is  isotropic,  because  MgAl204  is  cubic,  there  is  less  tendency  for 
grain  boundary  decohesion  in  irradiated  polycrystalline  material. 

The  swelling  of  polycrystalline  MgAl204  was  compared  with  that  of  polycrystal- 
line MgO  by  Hurley  et  al . [1981].  In  this  case,  the  irradiation  temperature 
was  somewhat  higher,  430  ± 5 K,  and  one  measurement  was  made  after  a much 
higher  fast  neutron  fission  fluence  of  2.1  x 10^^/m^  (E  > 0.2  MeV) . A swell- 
ing of  0.8%  was  reported,  compared  to  2.6  to  3.0%  for  MgO. 

The  measurements  of  Coghlan  et  al . [1986]  span  a range  of  fluences  between 
these  extremes  of  10^^  and  10^^/m^,  but  do  not  appear  to  agree  exactly  with 
either  result.  As  Figure  7.2.1  indicates,  Coghlan  et  al.  found  a linear 
fluence/swelling  relationship  below  2 x lO^^/rn^,  which  would  predict  about 
0.004%  volume  swelling  at  a fission-neutron  fluence  of  -2  x 10^^/m^,  and  per- 
haps 0.008%  for  a 14 -MeV  fluence,  whereas  0.003%  was  reported  by  Tanimura  et 
al.  However,  the  latter  value  was  measured  during  the  14 -MeV  irradiation,  and 
Coghlan  et  al . reported  that  their  MgAl204  crystals  continued  to  swell  at  am- 
bient temperature  for  several  months  after  irradiation.  Gamma  radiation  was 
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Figure  7.2.1.  Swelling  of  single -crystal  MgAl204  after  neutron  irradiation. 
Data  from  Coghlan  et  al.  [1986]. 
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also  present  in  the  irradiation  by  Coghlan  et  al . , and,  according  to  Tanimura 
et  al.,  may  have  also  contributed  to  swelling.  Nevertheless,  this  disparity 
in  results  is  surprising,  since  for  both  AI2O3  and  MgO,  at  least  twice  as  many 
vacancies  are  reported  to  be  created  by  14-MeV  neutrons  as  by  fission  neutrons 
of  the  same  fluence  (§§2.1,  4.1).  The  saturation  shown  in  Figure  7.2.1  is  not 
in  accord  with  the  higher -fluence  results  of  Hurley  et  al . Perhaps,  the  satu- 
ration reported  by  Tanimura  et  al . is  temporary,  since  otherwise  the  volume 
swelling  of  0.8%  at  a higher  fluence  reported  by  Hurley  et  al . would  not  be 
possible . 

At  fluences  above  2 x 10^^/m^  (E  > 0.1  MeV) , Coghlan  et  al . observed  satura- 
tion of  the  volume  change,  at  0.04%,  whereas  Hurley  et  al . had  found  a swell- 
ing of  0.8%  at  a fluence  of  2.1  x 10^^/m^.  However,  Coghlan  et  al . suggested 
that  their  apparent  saturation  was  temporary,  and  that  swelling  would  continue 
if  voids  or  other  volume -producing  defect  clusters  formed  at  higher  fluences. 
The  saturation  volume  change  shown  in  Figure  7.2.1  is  consistent  with  that 
expected  from  the  dpa  of  about  2 x 10“^  calculated  with  lower  values  than 
those  used  by  Dell  and  Goland,  a swelling  contribution  of  one  atomic  volume 
per  defect  pair,  and  a fraction  of  0.28  of  defects  surviving  recombination. 

The  figure  also  shows  a small  amount  of  swelling  arising  from  a 7 irradiation 
to  5 X 10^  Gy  carried  out  separately.  An  additional  observation  of  interest 
was  the  continued  growth  of  swelling  during  storage,  after  the  irradiation  was 
ended.  Figure  7.2.2  shows  this  result.  One  explanation  given  for  the  con- 
tinued swelling  was  the  diffusion  and  clustering  of  interstitial  defects  in  a 
manner  that  increased  the  total  volume  of  the  crystal. 

The  volume  expansion  produced  in  nonstoichiometric  spinel  (Al203/Mg0  = 3) 
after  a fluence  of  8.3  x 10^^/m^  (E  > 1 MeV)  at  373  K was  0.195%  [Fukushima 
et  al.,  1990].  Comparing  this  with  the  results  of  Coghlan  et  al.  above  seems 
to  indicate  that  the  use  of  nonstoichiometric  spinel  in  fusion  reactors  is  not 
advantageous . 

At  an  irradiation  temperature  of  660  K,  Tucker  et  al . [1986]  observed  a com- 
paction of  0.316%  in  MgAl204  after  a fast  neutron  fluence  of  about  2 x 10^^/m^ 
(E  > 0.1  MeV).  Other  investigators  have  also  observed  compaction  at  high 
temperatures  [citations  in  Tucker  et  al. , 1986].  Jones  et  al.  [1985]  used 
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Figure  7.2.2.  Swelling  of  single -crystal  MgAl204,  as  a function  of  storage 
time,  after  neutron  irradiation.  Data  from  Coghlan  et  al.  [1986]. 
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positron  annihilation  spectroscopy  to  probe  neutron  irradiation  damage  in  both 
AI2O3  and  MgAl204,  at  high  temperatures.  They  found  that  a temperature  of  550°C 
served  to  reduce  the  concentration  of  inherent,  grown-in,  vacancy-type  de- 
fects, probably  by  recombination  at  grain  boundaries  and  grain  growth.  This 
phenomenon  alone  was  not  sufficient  to  explain  the  contraction,  but  Jones  et 
al.  also  suggested  that  interstitial  dislocation  loops  might  predominate  over 
vacancy  generation,  which  would  be  expected  to  produce  volume  swelling.  The 
reasons  for  the  volume  compaction  in  high  temperatures  are  not  yet 

completely  understood,  but,  presumably,  this  anomaly  is  irrelevant  for  ITER  TF 
magnet  conditions.  However,  since  this  compaction  phenomenon  is  partly  re- 
sponsible for  the  low  swelling  and  high  radiation  resistance  attributed  to 
MgAl20^ , caution  should  be  exercised  in  applying  high  temperature  radiation 
results  to  4-K  conditions. 

7.3.  AMORPHIZATION 

The  amount  of  displacement  damage  required  to  produce  amorphization  is  some- 
what dependent  upon  the  type  of  chemical  bonding  (§1.5).  Burnett  and  Page 
[1986]  suggested  that  for  the  strongly  ionic  bonding  of  MgAl204 , damage  levels 
of  ~5  keV/atom  would  be  necessary  to  induce  amorphization.  To  test  this  sug- 
gestion, Zinkle  and  Ko j ima  [1990]  used  2-MeV  Al  or  2.4-MeV  Mg  ions  to  irradi- 
ate polycrystalline  MgAl204  at  300  K to  peak  damage  levels  up  to  8 keV/atom 
(3  X 10^^  MgV™^)  • Ths  host  ion  species  was  chosen  to  minimize  chemical  ef- 
fects associated  with  ion  implantation.  Although  the  peak  damage  level  was 
very  high  [8  keV/atom  ~ 80  dpa;  Equations  (1.2  and  (1.4)],  TEM  examination  of 
the  specimens  indicated  that  amorphization  did  not  occur.  Dislocation  loops 
and  dislocation  tangles  were  observed,  and  Zinkle  and  Ko j ima  suggested  that 
the  presence  of  a network  of  dislocation  lines  inhibited  the  buildup  of  a 
critical  concentration  of  point  defects  necessary  of  amorphization,  because 
the  dislocations  absorbed  point  defects  produced  by  displacement  damage.  The 
authors  also  suggested  that  failure  to  observe  dislocation  networks  in  MgAl20i, 
foils  irradiated  in  a HVEM  at  elevated  temperatures  [e.g.,  Buckley,  1986; 
Buckley  and  Shaibani , 1987]  could  be  due  to  the  absence  of  a layer  thick 
enough  to  allow  nucleation  of  growth  of  interstitial  clusters.  Surprisingly, 
Zinkle  and  Kojima  did  not  suggest  that  their  failure  to  obseirve  amorphization 
was  simply  due  to  recovery  of  damage  at  300  K from  the  host  ion  irradiation. 
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although  they  noted  that  McHargue  et  al . [1986]  had  been  able  to  induce 
amorphization  in  AI2O3  at  300  K only  with  certain  foreign  ion  species  that 
stabilized  the  damage  states.  Host  ion  amorphization  was  achieved  at  77  K 
in  AI2O3  with  fluences  -10^°/m^,  since  recovery  was  suppressed. 

Although  host  ion  amorphization  was  not  observed  under  the  conditions  of 
8 keV/atom  in  polycrystalline  MgAl204 , amorphization  was  observed  at  a lower 
damage  level  of  about  3 keV/atom  (10^^  ArV™^,  100 -keV  ions)  when  the  MgAl204, 
was  in  a plasma-sprayed  form  [Iwamoto  et  al . , 1986].  It  is  unlikely  that  the 
use  of  a foreign  ion  species  was  solely  responsible  for  the  amorphization 
of  the  plasma  sprayed  MgAl20^,,  since  single-crystal  MgAl204  irradiated  under 
the  same  conditions  did  not  amorphize . Both  RBS  and  XPS  (X-ray  photoelec- 
tron spectra)  techniques  were  used  to  examine  the  ion- irradiated  specimens. 
Plasma- sprayed  AI2O3  amorphized  at  an  Ar  fluence  above  10^°/m^,  a lower  dose 
than  required  for  plasma-sprayed  MgAl204  [Iwamoto  et  al . , 1985a]. 

Another  technique,  TSEE  (thermally  stimulated  exoelectron  emission)  was  also 
used  by  this  group  to  examine  differences  between  single -crystal  and  plasma- 
sprayed  MgAl204  [Iwamoto  et  al . , 1985b].  This  field  emission  technique  is 
reviewed  by  Kawanishi  [1985].  The  intensities  of  the  TSEE  peaks  in  sprayed 
MgAl20/,  were  weaker  than  those  in  single -crystal  MgAl204,  after  Ar  ion  irradia- 
tion. This  again  indicated  that  the  plasma- sprayed  material  was  more  easily 
amorphized  than  the  single-crystal  form.  In  this  investigation,  a comparison 
was  also  made  between  Ar- irradiated,  single-crystal  AI2O3  and  single -crystal 
MgAl204.  The  formation  of  an  amorphous  layer  by  Ar-ion  irradiation  was  more 
difficult  in  MgAl20i,  than  in  AI2O3 . This  finding  is  in  accord  with  other  re- 
sults indicating  lower  volume  expansion  under  irradiation  of  MgAl20^  than  of 
AI2O3  (Figure  2.2.2). 

Buckley  [1984]  also  reported  severe  structural  damage  in  MgAl204 . He  used  a 
HVEM  at  temperatures  from  900  to  1130  K.  Three  stages  of  damage  were  found: 
(1)  dislocation  loop  nucleation  and  growth,  followed  by  (2)  precipitation  of 
metallic  Mg  on  the  external  surfaces  of  the  specimen  and  gross  shrinkage  of 
the  material  manifested  by  microcracks,  and  finally,  (3)  metal  precipitation 
within  the  bulk,  coupled  with  nucleation  and  growth  of  gas  bubbles,  material 
dilation,  and  healing  of  microcracks.  The  damage  was  ascribed  to  charge 
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segregation  associated  with  the  ionizing  radiation,  which  produced  secondary 
electrons  and  S rays  (§1.2.2).  Solid-state  electrolysis  then  occurred,  be- 
cause the  material  had  a significant  ionic  component  of  conductivity  at  high 
temperatures.  Presumably,  even  though  this  is  a charge -driven  process,  these 
phenomena  would  not  occur  under  4-K  ionizing  irradiation  or  during  ambient- 
temperature  warm-up,  because  the  temperature -dependent  ionic  conductivity 
would  be  much  lower  than  in  Buckley's  experiments.  However,  possible  effects 
of  ionizing  radiation  in  ceramics  have  not  been  investigated  at  4 K.  The 
electron  fluences  in  Buckley's  investigations  were  in  the  range  of  4 to  12 
X lO^V™^- 

In  another  investigation  of  amorphization,  the  cross  section  for  metamict 
(noncrystalline)  damage  was  determined  for  MgAl20^  and  a compound,  pollucite 
(CsAlSi20g) , in  which  the  crystal  structure  is  much  less  closely  packed  [Vance 
et  al.  , 1983].  The  cross  section  for  MgAl204  was  lower  by  almost  four  orders 
of  magnitude.  The  attenuation  of  crystalline  Bragg  X-ray  diffraction  inten- 
sities were  used  to  derive  the  amount  of  amorphization,  and,  hence,  the  cross 
section.  The  X-ray  attenuation  results,  shown  in  Figure  7.3.1,  were  obtained 
with  3-MeV  Ar  ions,  with  fluences  up  to  2 x 10^°/m^.  The  highest  fluences  are 
not  shown  in  the  figure,  but  were  used  to  derive  the  curves  shown.  Since 
another  closely  packed  compound,  magnetoplumbite , also  was  highly  resistant  to 
amorphization,  Vance  et  al.  concluded  that  such  closely  packed  crystal  struc- 
tures conferred  resistance,  whereas  more  open  crystal  structures  were  more 
likely  to  become  amorphous  under  irradiation. 

7.4.  MECHANICAL  PROPERTIES 

Both  single -crystal  and  polycrystalline  MgAl20/,  have  exhibited  significant 
increases  in  flexural  strength  after  irradiation  to  fast  neutron  fluences  of 
2.2  X 10^^/m^  at  680  and  815  K [Clinard  et  al.,  1984].  Both  irradiated  and 
control  strengths  were  measured  in  4-point  bending  tests  for  AI2O3  and  MgAl20^. 
The  unirradiated  flexural  strength  of  MgAl204  was  about  half  that  of  AI2O3 , but 
the  strengths  after  this  high  temperature,  high  dose  irradiation  were  similar. 
Because  of  the  high  temperatures  and  fluences,  the  applicability  of  the  re- 
sults to  ITER  TF  magnet  conditions  is  uncertain. 
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Tucker  et  al.  [1986]  also  compared  tensile  strength  of  MgAl20^  and  AI2O3  at 
high  temperatures  (660  K)  and  fluences  (2  x 10^^/m^;  E > 0.1  MeV) . In  this 
case,  cylindrical  specimens  were  tested  in  diametral  compression.  The  cyl- 
inders were  loaded  on  their  sides  between  parallel  platens.  Analysis  shows 
that  a uniform  tensile  stress  is  produced  along  the  midplane  parallel  to  the 
applied  compressive  load  [citation.  Tucker  et  al . , 1986].  The  magnitude  of 
the  tensile  stress  is  controlled  by  the  choice  of  padding  material.  In  the 
4-point  bending  tests  of  Clinard  et  al.,  the  strengths  of  the  AI2O3  specimens 
had  improved  after  irradiation,  but  to  a much  lesser  degree  than  those  of  the 
MgAl204  specimens.  Only  single -crystal  AI2O3  was  tested,  however.  In  the 
diametral  compression  test,  the  strength  of  the  polycrystalline  AI2O3  actually 
decreased  by  25.6%,  while  the  strength  of  the  polycrystalline  MgAl204,  in- 
creased by  24.4%,  in  accord  with  the  previous  results  (Figure  7.4.1).  Ten 
specimens  were  irradiated,  but  the  standard  deviations  were  not  reported. 

A large  swelling  of  3.22%  occurred  in  the  AI2O3  specimens,  while  the  MgAl204 
densified  slightly  (0.316%).  The  large  swelling,  plus  the  significant  anisot- 
rophy  in  AI2O3  (see,  e.g..  Figure  2.2.2)  leads  to  stresses  in  polycrystalline 
AI2O3  and  weakening  and  failure  along  grain  boundaries.  The  failure  mode  was 
intergranular  in  irradiated  specimens  of  AI2O3 , but  was  transgranular  in 
MgAl204.  However,  the  tensile  strength  of  AI2O3  after  irradiation  damage  is 
still  larger  than  that  of  MgAl20^ . 

There  are  several  additional  ambient- temperature  measurements  of  mechanical 
properties,  but,  again,  stresses  were  primarily  tensile.  The  diametral  com- 
pression test  was  carried  out  in  both  polycrystalline  MgAl204  and  MgO  speci- 
mens after  irradiation  to  a fast  neutron  fluence  of  2.1  x 10^^/m^  (E  > 0.2 
MeV)  at  430  ± 5 K [Hurley  et  al . , 1981].  At  this  lower  temperature,  as  noted 
above  (§7.2),  MgAl204,  swelled  to  0.8%,  but  the  two  specimens  of  MgO  swelled  by 
2.6  and  3.0%.  The  increases  in  tensile  strength  were  20%  for  MgAl204  and  12 
and  24%  for  MgO.  These  results  are  shown  in  Figures  7.4.2  and  4.4.6.  The 
initial  tensile  strength  of  MgO  is  considerably  below  that  of  MgAl204.  Thus, 
with  regard  to  this  test,  MgAl20^  performs  better  than  both  MgO  and  AI2O3 . In 
some  very  recent  comparative  3 -point  bending  tests  discussed  in  §12.4.1  below, 
MgAl204  specimens  irradiated  at  -lOO'C  had  somewhat  better  retention  of 
strength  than  AI2O3  or  AIN  [Dienst  and  Zimmermann,  1994] . 
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Figure  7.4.1.  Tensile  strength  of  polycrystalline  AI2O3  and  MgAl204  as 
measured  in  the  diametral  compression  test  after  neutron  irradiation  at  660  K. 
Data  from  Tucker  et  al.  [1986]. 
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Figure  1 .k.l.  Tensile  strength  of  polycrystalline  MgAl204  as  measured  in  the 
diametral  compression  test  after  neutron  irradiation.  Data  from  Hurley  et  al. 
[1981]  . 
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The  hardness  of  polycrystalline  MgAl204  was  measured  as  a function  of  depth 
after  298-K  irradiation  with  2.4-MeV  Mg  ions  to  a fluence  of  1,4  x 10^^/m^ 
[Zinkle,  1989],  The  grain  size  was  30  jtim.  The  calculated  dpa  for  this 
fluence  was  35,  assuming  = 40  eV.  The  results  are  shown  in  Figure  7.4.3. 
Control  values  were  obtained  from  measurements  made  on  the  unirradiated 
periphery  of  the  TEM  disks.  At  least  8 indentations  were  made  for  each  ir- 
radiation condition.  The  results  suggested  to  Zinkle  that  the  material  was 
still  in  the  Stage  I of  hardness,  where  hardness  is  increased,  owing  to  lat- 
tice defects  created  by  the  irradiation.  In  later  stages,  when  irradiation 
damage  is  severe  enough  that  the  material  becomes  partly  amorphous,  softening 
is  observed.  Zinkle  and  Ko j ima  (§7.3)  observed  no  amorphization  at  a fluence 
of  3 X 10^^  MgV®^.  which  could  correspond  to  a fast  neutron  fluence  of  10^^ 
to  10^^/m^,  more  than  the  factor  of  100  above  the  ITER  4-K  fluence  of  10^^/m^, 
which  allows  for  the  greater  retention  of  defects  at  4 K.  However,  host  ions 
were  used  in  these  amorphization  attempts,  and  McHargue  et  al . [1986]  demon- 

strated that  host  ion  amorphization  for  AI2O3  was  impossible  at  300  K,  but 
easy  at  77  K,  where  recovery  was  suppressed.  Therefore,  one  should  not  as- 
sume that  the  material  will  remain  in  Stage  I at  4 K,  until  4-K  hardness  and 
other  relevant  mechanical  tests  have  been  carried  out,  in  situ,  after  4-K 
irradiation. 

7.5.  THERMAL  PROPERTIES 

No  information  on  the  effects  of  irradiation  upon  cryogenic  thermal  properties 
of  MgAl204  was  obtained  from  the  literature  search.  Rohde  and  Schulz  [1992] 
obtained  comparative  information  on  the  high  temperature  thermal  conductivity 
of  AI2O3,  MgAl20/, , and  AIN  after  neutron  irradiations  in  various  facilities 
at  temperatures  ranging  from  353  to  823  K.  For  MgAl204,  the  irradiation 
source  was  the  LAMPF-SNS  (Los  Alamos  Meson  Physics  Facility- Spallation  Neutron 
Source) . The  neutron  spectrum  of  LAMPF-SNS  reassembles  that  of  a fission- 
neutron  spectrum  at  low  energies,  but  includes  a high-energy  tail  above 
20  MeV,  so  transmutation  gases  will  be  produced,  as  expected  in  the  ITER  first 
wall  and,  to  a much  lesser  extent,  in  the  TF  magnets.  However,  the  irradia- 
tion temperature  was  600  K.  From  the  fluence  of  5 x 10^^/m^,  a damage  dose  of 
0.5  dpa  was  calculated.  This  dose  was  evidently  intended  to  apply  to  all 
three  irradiated  substances. 
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Figure  7.4.3.  Hardness  of  MgAl204  as  a function  of  depth  after  Mg- ion 
irradiation.  Data  from  Zinkle  [1989]. 
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Figure  7.5.1  shows  the  reduction  in  thermal  conductivity  after  irradiation. 
Earlier  measurements  of  the  thermal  diffusivity  of  samples  irradiated  at  100  K 
indicated  no  degradation  at  damage  doses  below  3 dpa  [citation,  Rohde  and 
Schulz,  1992].  Therefore,  it  was  concluded  that  the  concentration  of  isolated 
point  defects  was  very  low  in  irradiated  MgAl20^ , since  these  defects  are  the 
most  effective  scatterers  of  phonons.  However,  Figure  7.5.1  shows  a reduction 
of  the  300-K  thermal  conductivity  of  more  than  40%,  which  would  correspond 
to  a defect  concentration  of  about  1 atomic  % , from  equations  relating  the 
thermal  conductivity  to  the  phonon  mean  free  path.  This  defect  concentration 
should  be  accompanied  by  a volume  change,  A/V/V,  of  0.14%,  if  each  point 
defect  contributes  one  atomic  volume  to  the  macroscopic  density  change.  In 
fact,  the  volume  change  observed  was  0.01%,  which  actually  is  higher  than  the 
compaction  of  0.316%  reported  by  Tucker  et  al . [1986]  (§7.2)  after  irradiation 
to  a higher  fluence  at  660  K.  Rohde  and  Schulz  ascribed  the  discrepancy  be- 
tween AV/V  and  the  change  in  thermal  conductivity  to  the  complicated  atomic 
stacking  in  the  unit  cell  of  MgAl20^ , which  contains  56  atoms.  They  suggested 
that  a slight  rearrangement  of  the  stacking  due  to  the  irradiation  could  af- 
fect the  thermal  conductivity,  but  leave  the  density  nearly  unchanged.  The 
large  change  in  thermal  conductivity  after  600 -K  irradiation  in  comparison  to 
the  1000-K  thermal  diffusivity  results  was  ascribed  to  the  greater  retention 
of  defects  at  the  lower  irradiation  temperature. 

The  comparative  results  of  irradiation  of  different  ceramics  with  the  LAMPF 
facility  are  as  follows:  for  single -crystal  AI2O3,  the  thermal  conductivity 
was  reduced  to  80%  of  the  original  value;  for  polycrystalline  AI2O3,  it  was 
reduced  to  70%.  For  single-crystal  MgAl20^,  the  reduction  was  to  52%  of  the 
original  value,  and  for  polycrystalline  AIN,  the  thermal  conductivity  was 
reduced  to  36%  of  the  original  value.  Rohde  and  Schulz  concluded  that  the 
two  oxides,  with  their  predominantly  ionic  bonding,  were  more  resistant  to 
radiation  than  AIN,  with  its  covalent  bonding  (§1.6).  However,  the  absolute 
values  of  the  thermal  conductivity  at  300  K were  highest  for  AlN. 
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Figure  7.5.1.  Reduction  of  high  temperature  thermal  conductivity  of  MgAl204 
after  irradiation  at  600  K.  Data  from  Rohde  and  Schulz  [1992]. 
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8.  LOW  TEMPERATURE  IRRADIATION  OF  ZIRCONIA 

When  pure  Zr02  is  cooled  from  high  temperatures,  it  undergoes  phase  trans- 
formations: at  about  1900°C,  the  cubic  structure  transforms  to  a tetragonal 
structure,  and  at  1100°C,  the  tetragonal  structure  transforms  to  a monoclinic 
structure  that  is  the  usual  form  at  ambient  temperature.  For  engineering  uses, 
the  high- temperature  cubic  structure  is  stabilized  by  the  addition  of  such 
oxides  as  CaO , MgO,  or  Y2O3 . Unfortunately,  the  available  evidence  indicates 
that  some  of  the  stabilized  cubic  forms  transform  back  to  the  monoclinic  phase 
below  ambient  temperature,  and  that  mechanical  properties  consequently  may 
deteriorate  at  cryogenic  temperatures  [e.g.,  Veitch  et  al . , 1987].  The  phase 
stability  and  mechanical  properties  have  not  yet  been  fully  determined  down  to 
4 K for  any  of  the  Zr02  materials  that  are  stabilized  at  ambient  temperature, 
although  the  preliminary  work  of  Veitch  et  al.  indicated  that  Y203-stabilized 
Zr02  may  be  the  most  promising  material  (see  also  Simon  [1994]). 

In  addition  to  the  lack  of  structure  and  property  information  on  stabilized 
zirconias  at  4 K,  there  is  very  little  information  on  their  radiation  re- 
sistance. Most  of  the  irradiation  damage  experiments  on  Zr02  were  performed 
to  study  the  phase  transition  that  occurs  in  the  unstabilized  material. 

This  work  was  reviewed  by  Wullaert  et  al . [1964]  and  by  Penkovskii  [1964]. 
Briefly,  spectroscopically  pure,  monoclinic  Zr02  was  eventually  found  to  be 
stable  under  fast  neutron  fluences  up  to  6.3  x 10^^/m^.  However,  natural  Zr02 
usually  contains  sufficient  impurity  content  that  induced  fission  frag- 
ment damage  will  induce  a phase  change,  perhaps  from  the  disorder  produced  in 
the  material  by  thermal  spikes  along  the  fission  fragment  paths.  Additional 
chemical  impurities  are  evidently  not  required  for  transformation  [citations, 
Wullaert  et  al.,  1964].  In  technical -grade  Zr02,  which  is  a mixture  of  75% 
of  the  monoclinic  phase  and  25%  of  the  tetragonal  phase,  this  phase  ratio  was 
reported  to  remain  unchanged  up  to  a fast  neutron  fluence  of  1.9  x 10^^/m^ 
[Penkovskii,  1964] . 

In  the  remainder  of  this  section,  radiation  damage  of  all  forms  of  zirconias 
tested  will  be  surveyed.  Zirconias  are  not  strong  candidates  for  use  in  the 
TF  magnets  at  present,  owing  to  the  possibility  of  undesirable  phase  transfor- 
mations initiated  both  by  neutron  irradiation  and  by  cryogenic  temperatures , 
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and  by  the  relative  lack  of  radiation  damage  studies,  in  comparison  to  other 
materials,  such  as  AI2O3  and  MgAl204 . However,  it  is  possible  that  sufficient 
research  might  uncover  a radiation-resistant,  stabilized  Zr02  despite  the  pre- 
sent inadequate  data  base.  Use  of  spectroscopically  pure,  monoclinic  Zr02  in 
ITER  TF  magnets  must  be  approached  with  caution,  owing  to  the  possibility  of 
incorporating  impurities  during  fabrication  and  the  transformation,  by  (n,a) 
reactions  above  ~5  MeV,  of  pure  material.  Impurities  apparently  act  as  nucle- 
ation  centers  for  phase  transformation.  Furthermore,  mechanical  properties  of 
monoclinic  Zr02  may  not  be  satisfactory. 

8.1.  DEFECT  DENSITY 

Harrop  et  al.  [1967]  noted  that  the  study  of  point  defects  in  Zr02  had  been 
hindered  because  the  preparation  of  single  crystals  was  difficult,  owing  to 
the  monoclinic  phase  transition  at  about  1100°C.  However,  these  authors 
initiated  the  study  of  Zr02  films  that  are  substantially  crystalline  and 
nearly  stoichiometric.  The  onset  of  observable  changes  in  the  1-kHz  elec- 
tronic conductivity  occurred  for  a 65-keV  Ne-ion  fluence  of  (very  approxi- 
mately) 10^^/m^  and  a fast  neutron  fluence  of  ~10^^/m^  (E  > 1 MeV)  . The 
threshold  of  the  electrical  effect  was  estimated  by  Harrop  et  al . to  require 
about  10^^  vacancies/cm^ . 

8.2.  CHANGE  IN  VOLUME 

Some  results  on  the  change  in  monoclinic  lattice  dimensions  attributed  to 
Berman  et  al.  [1960a]  are  quoted  by  Wullaert  et  al . [1964],  but  they  ap- 
parently are  not  stated  in  the  article  cited.  These  results  indicate  an 
unusually  large  effect  of  neutron  irradiation  upon  volume:  at  a fast  neutron 
fluence  of  1.5  x 10^^/m^  at  100°C,  the  a axis  decreased  by  0.39%,  the  b axis 
by  1.2%,  and  the  c axis  by  1.94%.  The  expected  volume  change,  from  summation, 
is  —3.53%  at  1.5  x 10^^/m^.  The  negative  sign  of  the  effect  is  perhaps  a 
reflection  of  a phase  change,  since  the  cubic  phase  is  more  dense  than  the 
monoclinic.  Wittels  and  Sherrill  [1956]  found  that  the  monoclinic  phase  was 
progressively  replaced  by  the  cubic  phase  in  neutron  irradiation,  under 
conditions  in  which  transformation  could  occur. 
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Although  Klein  [1955]  identified  a material  only  as  Zr02,  for  which  no  expan- 
sion was  observed  at  an  epithermal  fluence  of  10^^/m^,  and  a 0.28%  expansion 
was  observed  in  the  a axis  at  2 x 10^^/m^  (E  > 100  eV) , Wullaert  et  al.  [1964] 
reported  that  these  data  pertain  to  stabilized  Zr02.  Klein  also  reported 
X-ray  diffraction  data  on  Hf-free  Zr02:  "diminution  in  monoclinic  phase"  at 
1 X 10^^/m^;  "monoclinic  phase  disappears,  cubic  phase  remains"  at  2 x 10^^/m^. 
No  information  on  the  density  changes  accompanying  these  phase  transformations 
was  supplied,  owing  to  the  nature  of  the  investigation.  It  is  unclear  why 
Wullaert  also  refers  to  this  material  as  a Hf-free  "stabilized  zirconia," 
since  it  is  the  nonstabilized  Zr02  in  the  monoclinic  form  which  under  certain 
conditions  (see  above)  undergoes  transformation  under  neutron  irradiation  into 
the  cubic  phase.  It  is  possible  that  the  Hf-free  Zr02  data  pertain  to  par- 
tially stabilized  material,  or  simply  to  one  of  the  cases  in  which  transfor- 
mation to  the  cubic  phase  was  observed  under  irradiation.  The  low-expansion 
data  may  apply  to  very  pure  Zr02  in  which  transformation  does  not  occur.  See 
also  §8.3  below. 

Clinard  et  al.  [1977]  evaluated  dimensional  and  microstructural  changes  in  a 
6 mol%  Y203-stabilized  Zr02  after  irradiation  to  fast  neutron  fluences  of  up 
to  4.4  X 10^^/m^.  Unfortunately,  the  irradiation  temperatures  were  650  K and 
above.  However,  very  little  volume  change,  0.21  ± 0.12%,  was  observed  at  at 
this  fluence  at  650  K.  Also,  a low  concentration  of  dislocation  loops  was 
found.  This  report  is  not  relevant  to  the  stability  problem  at  4 K,  where 
irradiation  damage  might  nucleate  some  degree  of  transformation.  It  is  not 
known  if  the  Y2O3- stabilized  zirconias  remain  stable  for  long  periods  at  this 
temperature,  even  without  irradiation,  since  in  situ  X-ray  investigations  have 
not  been  found  in  the  literature. 

8.3.  AMORPHIZATION  AND  TRANSFORMATION 

Wittels  and  Sherrill  [1959]  used  X-ray  diffraction  to  show  that  synthetic 
single  crystals  of  monoclinic  Zr02  remained  crystalline  and  untransformed  to 
a fast  neutron  fluence  of  3.6  x 10^^/m^  (E  not  specified).  On  the  other  hand, 
natural  Zr02,  containing  U and  Th  in  concentrations  of  3550  and  39.2  ppm, 
respectively,  underwent  a complete  transformation  into  the  high- temperature 
cubic  phases  at  lower  fluences.  Evidently,  the  apparent  irradiation- induced 
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transformation  was  produced  by  the  action  of  fission  fragments  from  activated 
impurities^  such  as  Further  work  at  ORNL  [citation,  Wullaert  et  al., 

1964]  showed  that  no  transformation  occurred  up  to  6.3  x 10^^/m^,  but  that  10^^ 
to  10^®  fissions/cm^  would  produce  a phase  change,  and  that  the  presence  of 
chemical  impurities  in  the  amounts  usually  necessary  for  stabilization  of  the 
cubic  phase  was  not  required.  Because  the  number  of  displaced  atoms  theoreti- 
cally expected  form  the  -100-MeV  fission  fragments  was  not  sufficient  to  ef- 
fect the  transformation,  it  appeared  likely  that  localized  heating  ("thermal 
spikes")  from  the  large  amount  of  energy  deposited  over  the  short  range  of  -8 
/im  of  each  fission  fragment  was  responsible  for  the  phase  change.  Such  local- 
ized heating  might  be  even  more  effective  at  4 K (see  §9.5.3  below).  The 
conclusion  with  relevance  to  ITER  TF  magnets  is  that  natural  Zr02  might  pose 
serious  stability  problems,  but  synthetic,  nonstabilized,  monoclinic  Zr02 
could  be  satisfactory,  if  its  mechanical  properties  were  adequate,  and  if  the 
impurity  level  could  be  controlled  during  fabrication  and  during  operating 
conditions  that  include  irradiation  at  very  high  energy  (E  > 5 MeV) . 

Tawfik  et  al.  [1985]  subjected  monoclinic,  sintered  Zr02  (99.0%  pure)  to  7 ir- 
radiation and  found  that  the  X-ray  diffraction  patterns  were  mostly  unchanged, 
up  to  a dose  of  10^  Gy.  However,  broadening  and  weakening  of  some  peaks  were 
observed  and  attributed  to  a slight  distortion  of  the  monoclinic  structure  to 
a tetragonal  structure.  This  7 dose  is  considerably  below  the  expected  TF 
magnet  dose  of  about  10^  Gy  (Table  1.1.1)  However,  the  ORNL  reactor  fluence 
of  6.3  X 10^^/m^  that  did  not  effect  a phase  transformation  in  pure  Zr02  was 
probably  accompanied  by  a significant  7 dose. 

Unfortunately,  stabilized,  cubic  Zr02  is  not  immune  from  phase  transformation 
under  irradiation.  Hasegawa  et  al.  [1986]  irradiated  fully  stabilized,  10 
mol%  Y203-Zr02  with  1-MeV  N ions  with  fluences  from  1.3  x 10^®/m^  to  4 x 10^°/m^ 
and  found  transformation  to  a phase  with  rhombohedral  symmetry.  At  a fluence 
of  1 X 10^°/m^,  the  depth  of  the  transformed  zone  extended  beyond  the  pro- 
jected ion  range  by  a factor  of  2,  and  the  fraction  of  transformed  material 
was  estimated  to  be  74%.  Figure  8.3.1  shows  that  even  at  the  lowest  fluence, 
some  transformation  has  occurred,  because  X-ray  diffraction  shows  a change  in 
the  lattice  parameter.  Even  at  this  fluence,  approximately  equivalent  to  a 
neutron  fluence  of  10^^/m^,  a significant  swelling  of  1.1%  was  present. 
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Figure  8.3,1.  Plot  of  lattice  parameters  of  cubic  phase  and  new  phase  induced 
by  N ion  bombardment  vs.  diffraction  angle,  29.  Lattice  parameters  of  new 
phase  calculated  on  assumption  of  face— centered  cubic  structure.  Data  on  10- 
mol%  Y203-Zr02  from  Hasegawa  et  al.  [1986]. 
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Therefore,  Y2O3- stabilized  Zr02  cannot  be  reconunended  for  use  in  the  TF 
magnets,  because  the  4-K  neutron- equivalent  fluence  of  this  ion  fluence  is 
approaching  the  expected  ITER  value.  It  is  not  known  if  the  4-K  temperature 
could  suppress  transformation,  but,  in  that  event,  transformation  could  occur 
upon  warm-up. 

Wullaert  et  al.  [1964]  reported  transformation  in  "Hf-free,  stabilized"  Zr02 
at  intermediate  neutron  fluences  of  1 and  2 x 10^^/m^  (E  > 100  eV) , However, 
these  data  are  attributed  to  Klein  [1955],  who  does  not  identify  the  material 
as  stabilized.  In  fact,  since  the  Zr02  transformed  from  monoclinic  to  cubic 
structure,  it  was,  at  least,  not  completely  stabilized  in  the  cubic  phase 
before  irradiation. 

8.4.  MECHANICAL  PROPERTIES 

The  onset  of  mechanical  degradation  of  pure  Zr02,  as  demonstrated  by  a bending 
test  of  an  oxide -metal  sandwich,  appeared  at  a neutron  fluence  of  about  5 x 
10^^/m^  (E  > 1 MeV) . Figure  8.4.1  shows  the  surface- fracture  strain  of  the 
640-nm  (6400-A)  film  at  ambient  temperature  [Harrop  et  al . , 1967].  However, 
the  authors  noted  that  the  mechanical  properties  of  the  metal  could  also  have 
been  affected  by  this  fluence.  Cracking  between  microhardness  indentations 
was  also  examined  as  a possible  test  of  embrittlement,  but  the  effect  of  radi- 
ation was  not  observable  in  this  test.  The  dynamic  Young's  modulus  of  Zr02 
was  reported  to  decrease  by  less  than  10%  at  fluences  from  0.3  to  1.6  x 
10^^/m^  (E  > 100  eV)  [citation,  Wullaert  et  al . , 1964].  The  temperature  of 
irradiation  was  about  50‘’C. 

8.5.  THERMAL  PROPERTIES 

The  ambient- temperature  thermal  conductivity  of  "No.  550"  Zr02  decreased  by 
24%  at  a fluence  of  2 x 10^^/m^  (E  > 100  eV)  [Sisman  et  al . , 1955].  In  this 
series  of  comparative  measurements,  the  thermal  conductivity  of  single -crystal 
and  polycrystalline  AI2O3  and  vitreous  Si02  did  not  decrease  appreciably  at 
this  fluence,  but  that  of  MgAl204  decreased  by  more  than  40%.  The  thermal 
conductivity  of  mica  decreased  by  38%. 
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SURFACE  FRACTURE  STRAIN 


NEUTRON  FLUENCE,  lO^Vm^  |E  > 1 MeV) 


Figure  8.4.1.  Surface— fracture  strain  of  640 -nm  (6400 -A)  anodic  film  on  Zr 
vs.  neutron  fluence.  Data  from  Harrop  et  al.  [1967]. 
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9.  MICA:  RADIATION  PROBLEMS  OF  A LAYERED  STRUCTURE 


9.1.  STRUCTURE  OF  MICA 

Micas  are  silicate  minerals  with  a layered  structure  that  poses  unique  radia- 
tion problems  when  contrasted  to  the  ceramics  and  inorganics  usually  consid- 
ered for  service  in  fusion  reactors.  Mica  crystallizes  in  sheet- like  form  and 
has  an  easy  cleavage  plane  parallel  to  the  layers.  This  structure  is  illus- 
trated in  Figure  9.1.1  for  muscovite  mica,  the  form  most  commonly  used  in 
commercial  mica  insulations.  The  approximate  chemical  formula  of  muscovite 
mica  is  KAl2(Si3Al)Oio(OH,  F)2.  Large,  negatively  charged  anions,  0,  OH,  and, 
occasionally,  F,  are  arranged  in  octahedra  around  the  smaller,  positively 
charged  cations.  Si  and  Al,  shown  as  the  smaller  spheres  in  Figure  9.1.1.  The 
oxygen  ions  lie  in  two  planes  in  a close -packed  arrangement.  This  layered 
structure  has  an  overall  negative  charge  that  is  neutralized  by  the  interlayer 
cation,  K'^,  identified  in  the  figure.  Bonding  between  the  negatively- charged 
layers  is  strong  and  specific  because  the  K ions  occupy  well-defined  positions 
("holes")  between  the  adjacent  planes  of  0 atoms.  The  width  of  one  layer  in 
the  mica  structure  is  about  1 nm  (10  A). 

Mica  structures  have  been  extensively  studied;  useful  references  are  Brindley 
[1981]  and  Pauling  [1930].  In  addition  to  muscovite,  two  other  micas  simi- 
larly bound  by  interlayer  K ions  have  been  investigated  to  a small  extent 
after  irradiation.  These  are  phlogopite,  KMg3(Si3Al)Oio(OH, F)2,  and  biotite, 
K(Mg,  Fe^''’)3(Si3Al)Oio(OH,  F)2.  In  both  of  these  micas.  Mg  substitutes  partially 
for  the  Al  atoms  of  muscovite;  biotite  also  contains  Fe^"*^  as  an  Al  substitute. 
The  amounts  of  impurities  can  be  surprisingly  large  in  natural  micas;  for 
muscovite,  Povarennykh  [1972]  quotes:  Ba,  <10%;  Fe^'*',  <6.6%;  Cr,  <4.8%; 

<3.5%;  Fe2+,  <3.2%;  Na,  <2.9%;  Mg,  <2.8%;  F,  <2.1%;  Rb,  <1.4%;  Li,  <1.8%;  and 
Ca,  <1.1%.  Synthetic  mica  would  not  have  these  impurity  problems,  but  evi- 
dently is  not  much  used  for  commercial  electrical  insulation. 

Several  obvious  concerns  with  the  use  of  mica  in  a fusion  reactor  arise  from 
its  layered  structure.  First,  since  mica  cleaves  so  easily,  the  stability 
of  the  K-ion  interlayer  bond  under  displacive  neutron  irradiation  is  ques- 
tionable. Second,  silicate  bonds  are  not  considered  very  resistant,  even  to 
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Figure  9.1.1.  Schematic  of  structure  of  mica.  Data  from  Brindley  [1981]. 
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ionizing  radiation  (§§6.1,  6.3),  and  the  bonds  within  the  mica  layers  are  of 
this  type.  A third  concern  arises  from  other  factors;  the  use  of  mica  as  a 
solid-state  track  detector  and  as  a geological  dating  system  from  tracks 
naturally  present  in  the  material  from  spontaneous  fission,  and  possibly, 

from  recoil  nuclei  in  decay.  Any  lack  of  cohesion  of  the  layers  under 

irradiation  could  open  up  channels  along  which  electrical  breakdown  could 
occur.  Of  course,  thermal -neutron  irradiation  will  cause  additional 
fission  fragment  tracks,  in  addition  to  the  naturally  occurring  porosity  of 
the  individual  layers.  The  well-known  thermal  fission  cross  section  is 

large,  -550  barns,  although  the  isotopic  abundance  of  is  <1%.  There  is 

also  a fast  neutron  fission  cross  section  of  -0.5  barns  for  above  about 

2 MeV,  which  may  also  be  of  some  importance,  since  the  isotopic  abundance  of 
is  >99%,  and  about  7%  of  the  magnet  neutron  spectrum  is  above  5 MeV.  The 
evidence  for  all  of  these  potential  problems  is  discussed  in  the  following 
sections . 

9.2.  DIRECT  OBSERVATIONS  OF  RADIATION  DAMAGE 

In  an  early  survey  of  ceramics  and  inorganic  insulation,  Klein  [1955]  used  a 
shielded  X-ray  diffractometer  to  show  that  mica  had  a low  resistance  to  neu- 
tron irradiation  damage  in  comparison  to  AI2O3 , MgO,  MgAl20^ , porcelain,  Si02, 
and  Zr02.  In  contrast  to  these  materials,  which  generally  exhibited  little  or 
no  change  in  their  diffraction  pattern  and  lattice  constants  for  an  epithermal 
neutron  fluence  of  10^^/m^  (E  > 100  eV) , mica  showed  line  broadening  and  a 
significant  1.3%  expansion  of  the  c-axis  lattice  constant  (Table  9.2.1).  Fig- 
ure 9.2.1  depicts  the  change  in  lattice  constant.  Bopp  et  al.  [1960]  reported 
swelling  of  about  14%  in  muscovite  mica  for  an  epithermal  neutron  fluence  of 
2 X 10^^/m^,  as  indicated  by  the  density  changes  in  Figure  9.2.2.  As  Coghlan 
and  Clinard  [1991]  noted,  since  the  irradiation  was  carried  out  to  investigate 
the  release  of  water  from  mica,  which  causes  shrinkage,  the  intrinsic  radia- 
tion swelling  of  dehydrated  mica  should  be  larger.  Thus,  calcined  mica  could 
be  expected  to  show  even  larger  swelling  for  comparable  fluences.  (Calcined 
mica  is  mica  that  has  been  heated  to  drive  off  the  water.) 

The  effect  of  the  same  radiation  fluence  upon  the  ambient- temperature  thermal 
conductivity  was  also  measured  [Sisman  et  al.,  1957].  The  initial  thermal 
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Table  9.2.1.  Results  of  X-Ray  Examination  of  Ceramics. 
Data  from  Klein  [1955] 


Sample 

Results  When 

Irradiated  with 

90  9 

1 X 10'*  neutrons/cm'* 

Activity 
(at  1 cm) 

Results  When 

Irradiated  with 

90  9 

2 X 10*  neutrons/cm 

Activity 
(at  1 cm) 

Single>crystal  AI2O2 

No  change  in  pattern 

1.5  mr/h 

No  change  in  pattern 

1.5 

mr/h 

Hot'pressed  AI2O2 

No  change  in  pattern 

6 

mr/h 

No  change  in  pattern 

10 

mr/h 

Spinel 

No  change  in  pattern 

1.5 

mr/h 

No  change  in  pattern 

5 

mr/h 

Forsterite 

No  change  in  pattern 

15 

mr/h 

No  change  in  pattern 

60 

mr/h 

Porcelain 

No  change  in  pattern 

40 

mr/h 

No  change  in  pattern 

40 

mr/h 

Steatite 

No  change  in  pattern 

80 

mr/h 

No  change  in  pattern 

80 

mr/h 

Ti02 

No  change  in  pattern 

170 

mr/h 

No  change  in  pattern 

230 

mr/h 

Silica  glass 

Halo  broadening 

2 

mr/h 

Halo  broadening 

2 

mr/h 

Plate  glass 

Halo  broadening 

10 

mr/h 

Halo  broadening 

15 

mr/h 

Pyrex  glass 

Halo  broadening 

10 

mr/h 

Dimunition  in  halo 
intensity;  broadening 

30 

mr/h 

Lead  glass* 

Lead  plus  other 
devitri  fi  cation 

products 

500 

mr/h 

Lead  plus  other 

devitrification 

products 

900 

mr/h 

Mica 

Line  broadening;  1*3% 
expansion  in  Cq 

120 

mr/h 

Line  broadening;  1.7% 
expansion  in  Cq 

170 

mr/h 

Enamel  ground  coat 

Loss  in  crystallinity 

6.7 

r/h 

Loss  in  crystallinity 

11 

7 

rA 

rA  (gamma) 

2r02 

No  change  in  pattern 

6 

rA 

0.28%  expansion  in  Oq 

10.4 

600 

r/h 

mr/h  (gamma) 

Hf.free  Zr02 

Oimunition  in 
monoclinic  phase 

800 

mr/h 

Monoclinic  phase 
disappears;  cubic 
phase  remains 

1.2  r/h 

Zircon 

1.9%  expansion;  large 
loss  in  crystallinity 

2.2  r/h 

No  lines  detectable; 
large  loss  in 
crystal  Unity 

6.8  r/h 

SiC 

Line  broadening;  0*3% 
expansion 

10 

mr/h 

Expansion  and  loss  in 
crystallinity 

10 

mr/h 

BeO 

Very  slight  expansion 
in  Cq 

9 

mr/h 

Approximately  0.3% 
expansion  in  Cg; 
none  in  Oq 

25 

mr/h 

Lava 

Loss  in  crystallinity 

170 

mr/h 

No  lines  detectable 

220 

mr/h 

Cordierite 

No  change  in  pattern 

100 

mr/h 

Line  broadening 

150 

mr/h 

MgO 

No  change  in  pattern 

15 

mr/h 

MgO  + Mg0-4C02-5H20 
+ MgC03-3H20 

15 

mr/h 

BaTiO^ 

2.03%  expansion  in  Oq 

80 

mr/h 

2.87%  expansion  in  ag; 
reflections  broadened 

170 

mr/h 

^Confirmed  by  petrographic  analysis. 
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-AXIS  EXPANSION 


EPITHERMAL  NEUTRON  FLUENCE,  lO^Vm^  (E  > 100  eV) 


Figure  9.2.1.  Expansion  in  the  c-axis  direction  of  mica  after  neutron 
irradiation.  Data  from  Klein  [1955]. 
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DENSITY  CHANGE. 


EPITHERMAL  NEUTRON  FLUENCE,  lO^Vm^ 


Figure  9.2.2.  Density  change  of  mica  after  neutron  irradiation;  the  average 
energy  of  the  neutrons  in  the  MTR  reactor  is  greater  than  that  in  the  OGR 
reactor,  which  accounts  for  the  greater  degree  of  damage  per  indicated  total 
fluence.  Data  from  Bopp  et  al.  [I960]. 
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conductivity  in  air  was  0.71  ± 0.04  W/(m*K) . After  an  epithermal  fluence  of 
4 X 10^^/m^,  the  conductivity  decreased  to  0.50  ± 0.04  W/(m*K) ; after  an  expo- 
sure to  2 X 10^^/m^,  the  conductivity  had  increased  above  the  initial  value  to 
1.2  ±0.1  W/(m*K).  The  reason  for  this  somewhat  unusual  behavior  was  not  dis- 
cussed, and  the  orientation  of  specimens  also  was  not  reported,  either  in  this 
or  in  an  earlier  report  [Sisman  et  al . , 1955]. 

The  various  materials  in  the  irradiation  of  Sisman  et  al . were  subject  to 
corrosion  by  the  reactor  cooling  water  in  which  they  were  immersed.  Several 
of  the  materials,  but  not  mica,  were  found  to  be  largely  dissolved  by  the 
corrosive  action  of  the  water.  Mica  was  not  reported  to  be  dissolved,  but 
glass-bonded  mica  was  said  to  be  broken  up  because  of  a large  loss  of 
strength.  The  report  is  not  entirely  clear  on  this  point,  but  apparently 
specimens  of  another  form  of  mica  survived  the  irradiation  procedure.  After 
the  highest  fluence,  the  Knoop  hardness  of  this  mica  was  measured  with  an 
indenter.  A light  mass  of  100  g was  evidently  employed  in  this  test  to 
prevent  fracturing,  but  the  report  is  unclear  on  this  point,  because  it  also 
states  that  a 2-kg  mass  was  used  for  coarser-grained,  pressed  materials  to 
obtain  a distinct  impression.  The  Knoop  hardness  of  mica  initially  was  113 
± 10;  after  the  exposure,  it  was  440  ± 10.  Plate  glass  exhibited  similar 
hardness  characteristics  before  and  after  irradiation,  perhaps  owing  to  the 
similar  chemistry  of  the  silicate  bonds  in  both  materials.  However,  lead  and 
Pyrex  glass  specimens  were  too  broken  up  to  be  tested.  The  initial  hardness 
of  a polycrystalling  Brazilian  quartz  material  was  much  higher  than  that  of 
mica;  after  irradiation,  hardness  was  lower,  comparable  to  that  of  the  irra- 
diated mica.  Since  the  fluence  received  by  the  Brazilian  quartz  was  higher, 

6 X 10^^/m^,  and  probably  sufficient  for  amorphization,  the  softening  of  the 
quartz  was  probably  due  to  amorphization,  which  is  known  to  soften  hard  mate- 
rials. It  is  possible,  owing  to  the  similarity  in  bonding  and  nearly  iden- 
tical hardness  values,  that  the  mica  had  also  attained  a similar  amorphous 
state  after  a fluence  of  2 x 10^^/m^,  but  that  the  hardness  of  this  state  was 
greater  than  that  of  unirradiated  mica. 

Some  information  is  available  on  the  effects  of  ionizing  radiation  on  elec- 
trical properties  of  mica  hybrid  insulators  [Aki  et  al.,  1983].  Figure  9.2.3 
shows  that  under  creep,  there  is  no  substantial  lowering  of  the  surface 
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Figure  9.2.3.  Creeping  flashover  voltage  characteristics  in  hybrid  mica 
insulation  under  7 irradiation.  Data  from  Aki  et  al.  [1983]. 
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flashover  voltage  of  hybrid  insulation  upon  exposure  to  7 radiation  at 
10^  Gy/h.  See  the  paper  for  further  details  of  the  tests.  Other  results 
reported  in  this  paper  indicated  that  this  hybrid  insulation  may  have  con- 
sisted of  a polyimide  film,  mica  paper,  mica  flakes,  and  glass  cloth  tape. 
Electrical  breakdown  results  on  hybrid  insulation  by  the  same  group  are 
discussed  in  §9.5.1  below.  All  tests  were  evidently  done  at  ambient 
temperature . 

Since  the  early  surveys  at  ORNL  indicated  that  mica  had  low  radiation  re- 
sistance, compared  with  other  insulators,  it  was  apparently  not  considered 
to  be  a viable  candidate  insulator  for  fusion  reactors;  consequently,  there 
is  little  further  irradiation  research  on  this  material  in  the  literature. 
However,  some  additional  information  may  be  gleaned  from  three  other  areas 
of  research  on  mica:  (1)  HVEM  studies,  as  reported  in  mineralogy  journals; 

(2)  ion- irradiation  solubility  studies;  and  (3)  the  use  of  mica  as  a solid- 
state  track  detector  for  high  energy  ions . 

9.3.  ELECTRON  MICROSCOPY 

When  high  energy  transmission  electron  microscopy  is  used  to  investigate  the 
microstructure  and  microchemistry  of  mica,  beam  damage  is  a serious  problem. 
The  damage  to  micas  caused  by  loss  of  the  interlayer  bonding  cations  was 
reviewed  by  Ahn  et  al.  [1986],  who  examined  a Na  mica,  paragonite,  with  a 
100 -keV  electron  beam.  Paragonite  has  the  same  composition  and  structure  as 
muscovite  (Figure  9.1.1),  except  that  the  interlayer  K ions  are  replaced  by  Na 
ions.  Electron  micrographs  of  paragonite  showed  prominent  lenticular  features 
(Figure  9.3.1).  An  examination  with  minimal  electron  beam  exposure  determined 
that  these  fissures  were  not  part  of  the  original  microstructure,  but  were 
caused  by  beam  damage.  Ten  seconds  of  exposure  to  the  100-keV  electron  beam 
produced  abundant  fissures  that  appeared  at  thin  edges.  As  Figure  9.3.1 
indicates,  these  fissures  were  elongated  in  a direction  perpendicular  to  the 
c axis.  Their  size  varied  from  barely  observable  to  almost  10  nm  (100  A)  in 
width.  Furthermore,  electron  diffraction  images  of  the  damaged  area  showed 
diffuse  patterns  both  parallel  and  perpendicular  to  the  c axis.  The  diffuse - 
ness  perpendicular  to  the  c axis  was  attributed  by  Ahn  et  al.  to  misorienta- 
tions  of  the  split  lamellae,  whereas  that  along  the  c axis  was  said  to 
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Figure  9.3.1.  Image  of  electron-beam  damaged  paragonite  showing  lenticular 
fissures  along  layers.  From  Ahn,  J.H.;  Peacor,  D.R.;  Essene,  E.J.  1986. 
Cation-Diffusion- Induced  Characteristic  Beam  Damage  in  Transmission  Electron 
Microscope  Images  of  Micas.  Ultramicroscopy  19.  pp.  375-382.  Reprinted  with 
permission  from  Elsevier  Science. 
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indicate  a change  in  basal  spacing  such  that  the  structure  or  chemistry  of 
some  layers  had  been  affected  by  the  beam. 

Quantitative  X-ray  analysis  showed  a considerable  decrease  in  the  Na  content 
relative  to  the  Al  and  Si  content,  which  were  unchanged.  Beam- induced  loss  of 
light  elements  is  a not  uncommon  problem  in  electron  microscopy.  In  addition, 
the  rate  of  cation  diffusion  is  much  greater  along  the  mica  layers  than  per- 
pendicular to  them.  Therefore,  Na  can  easily  diffuse  or  be  volatilized  from 
the  thin  edges  of  specimens. 

Ahn  et  al . proposed  that  loss  of  Na,  an  interlayer  cation,  would  eventually 
cause  collapse  of  the  paragonite  structure  to  a structure  without  interlayer 
cations.  Local  collapse  may  cause  mechanical  separation  of  layers.  Because 
the  bonding  between  mica  layers  is  much  weaker  than  that  across  the  tetrahe- 
dral and  octahedral  layers,  the  fissures  were  inferred  to  occur  along  the 
interlayers  of  paragonite.  Similar  fissures  were  observed  by  other  investiga- 
tors in  other  Na-type  micas  [citations,  Ahn  et  al . , 1986].  Earlier  observa- 
tions by  the  same  group  on  phlogopite,  a K mica,  indicated  that  it  was  rela- 
tively stable  under  electron  beam  irradiation,  and  did  not  show  any  layer 
separation  [Yau  et  al.,  1984].  In  contrast  to  Figure  9.3.1,  Figure  9.3.2 
shows  that  regular  spacing  of  the  ordered  phlogopite  mica  layers  was  main- 
tained under  the  same  conditions  of  observation  (100-keV  electron  beam) . Ahn 
et  al.  attributed  this  difference  to  a greater  mobility  of  Na  than  of  K in  the 
interlayer  sites,  although  they  noted  that  displacement  could  not  be  ruled 
out.  However,  as  Equation  (1.5)  shows,  an  electron  with  an  energy  of  100  keV 
can  transfer  a maximum  of  10.4  eV  to  a Na  atom,  but  only  6.1  keV  to  a K atom, 
owing  to  its  greater  mass.  M.  M.  Mills  pointed  out  in  1950  [Billington  and 
Crawford,  1961;  p.  24]  that  electron  irradiation  in  increments  of  increasing 
energy  could  be  used  to  determine  E^j,  the  threshold  energy  necessary  to  dis- 
place an  atom  in  a particular  solid.  Since  10.4  eV  is  a relatively  low  value 
for  Ejj,  as  indicated  in  Table  1.2.2,  what  the  groups  led  by  Ahn  and  by  Kau  at 
the  Department  of  Geological  Sciences  at  the  University  of  Michigan  may  have 
found  were  preliminary  limits  between  6 and  10  eV  for  the  E^s  of  the  inter- 
layer cations  in  micas.  (However,  Van  der  Pluijm  et  al . [1988]  ascribed  these 
fissure  phenomena  to  diffusion  of  K rather  than  to  sputtering.) 
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Figure  9.3.2.  Electron  microscope  image  (100  keV)  of  phlogopite  mica  showing 
ordered,  undamaged  1 nm  (10  A)  stacking  sequence.  From  Yau,  Y. ; Anovitz, 

L.M. ; Essene,  E.J.;  Peacor,  D.R.  1984.  Phlogopite-Chlorite  Reaction  Mecha- 
nisms and  Physical  Conditions  during  Retrograde  Reactions  in  the  Marble  Forma- 
tion, Franklin,  New  Jersey.  Contributions  to  Mineralogy  and  Petrology  88. 
p.  302.  Copyright  by  Springer-Verlag.  Reprinted  with  permission. 
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Ahn  et  al . also  cited  TEM  observations  of  similar  fissures  in  two  other  K 
micas,  biotite  and  muscovite,  by  lijima  and  Zhu  [1982],  but  noted  that  they 
apparently  were  not  as  prominent  and  abundant  as  those  found  in  the  Na  micas. 
Figure  9.3.3  from  lijima  and  Zhu  shows  definite,  but  narrower,  fissures. 

These  fissures  were  not  attributed  to  beam  damage  by  lijima  and  Zhu,  but  a 
careful  search  for  their  origin  was  apparently  not  carried  out.  Since  lijima 
and  Zhu  (at  Arizona  State  University)  used  an  electron  microscope  with  a 
200-keV  beam  energy,  in  contrast  to  the  100-keV  machine  at  the  University 
of  Michigan,  a maximum  energy  of  13.3  eV  could  be  transmitted  to  the  K ion, 
instead  of  the  maximum  of  6.1  eV  available  to  Yau  et  al.  An  of  10  or  13  eV 
is  somewhat  below  the  region  of  normal  displacement  energies  for  ceramic 
oxides,  but  is  not  an  unexpected  value  for  a silicate  material  (§6.1). 
Obviously,  irradiation  of  mica  by  neutrons  of  much  higher  energy  than  one 
or  two  hundred  keV  will  easily  displace  the  interlayer  K ions.  The  ease  of 
displacing  the  interlayer  cations  that  hold  the  mica  layers  together  and 
subsequent  occurrence  of  fissures,  or  voids,  is  probably  the  explanation  for 
the  large  expansion  in  the  c-axis  direction  noted  above  for  low  energy  neutron 
irradiation  (§9.2,  Figure  9.2.1). 

In  contrast  to  this  apparent  damage  from  200-keV  electrons,  Figure  2.1.8  above 
from  Pells  and  Phillips  [ 1979a, b]  shows  the  results  of  a very  comprehensive 
HVEM  investigation  of  the  E(jS  in  AI2O3  for  both  Al  atoms  (18  eV)  and  0 atoms 
(76  eV)  as  an  apparent  function  of  temperature.  This  figure  shows  that  an 
electron  beam  energy  of  about  400  keV  was  necessary  to  displace  0 ions  even 
though  they  are  much  lighter  than  Na  or  K ions.  This  is  an  indication  of  the 
lack  of  radiation  resistance  of  mica,  in  comparison  to  that  of  other  inorganic 
insulators.  Although  the  Ed(Al)  suggested  by  Pells  [1988]  (Table  1.2.2)  is 
only  18  ± 3 eV,  other  authors  have  suggested  higher  values  [e.g..  Greenwood, 
1990]  . 

At  higher  electron  beam  energies,  lijima  and  Zhu  [1982]  observed  vitrification 
of  muscovite,  although  not  of  biotite  exposed  in  the  same  beam.  (The  two 
forms  of  mica  were  extracted  from  a geological  formation  in  intergrown  crystal 
form,  so  that  sections  in  which  both  forms  were  joined  together  [Figure  9.3.3] 
were  placed  in  the  electron  microscope.)  These  authors  stated  that  resistance 
of  the  material  to  vitrification  from  electron  beam  ionization  depends  upon 
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Figure  9.3.3.  Electron  microscope  image  of  muscovite  mica  (on  the  left)  and 
biotite  mica  showing  fissures  between  the  layers,  probably  from  the  200 -keV 
electron  beam.  From  lijima,  S.;  Zhu,  J.  1982.  Electron  Microscopy  of  a 
Muscovite -Biotite  Interface.  American  Mineralogist  67.  pp . 1195-1205.  Fig- 
ure 7.  Copyright  by  the  Mineralogical  Society  of  America.  Reprinted  with 
permission. 
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the  percentage  of  OH  ions  present.  Their  evidence  for  this  was  that  chlorite 
was  less  stable  than  micas.  [Chlorites  have  the  structure  (Mg^.^Alj^)  (Si^.j^Alj^) 
Oio(OH)8,  so  the  OH  group  has  a much  higher  representation  than  in  the  micas.] 
Also,  clay  minerals  containing  much  more  water  were  more  rapidly  damaged  by 
the  electron  beam.  Biotite  is  richer  in  Fe  ions  than  muscovite.  The  Fe  ions 
may  have  a higher  ionization  energy  than  the  Al  ions  in  muscovite.  Muscovite 
is  also  commonly  poorer  in  F and  richer  in  OH  than  biotite.  The  dose  required 
for  muscovite  vitrification  was  not  reported. 

9.4.  ION- IRRADIATION  ENHANCED  SOLUBILITY 

The  surface  layer  of  a solid  that  has  been  irradiated  by  ions  with  an  energy 
of  a few  keV  will  have  a changed  chemical  reactivity,  including  an  enhanced 
solubility.  Because  the  disordered  surface  layer  damaged  by  ions  is  thin,  of 
the  order  of  1 to  10  nm  for  ion  energies  in  the  keV  region,  a special  tech- 
nique was  devised  to  monitor  the  change  in  solubility.  This  monitoring  tech- 
nique involved  the  injection  of  radioactive  tracer  atoms  into  the  previously 
irradiated  surface  [Jech,  1967].  The  conditions  for  tracer  injection  were 
chosen  to  minimize  any  additional  damage , and  autoradiography  was  used  to 
determine  the  tracer  activity  before  and  after  dissolution  treatment.  Alpha- 
AI2O3  was  compared  with  a mica  of  unspecified  type  and  chemistry  under  Kr 
irradiated  from  2 to  10  keV.  (The  mean  atomic  mass  of  both  solids  is  similar, 
so  the  ion  ranges  are  also  similar.)  For  mica  after  10-keV  irradiation,  an 
enhanced  solubility  (in  3%  HF)  was  observed  for  a fluence  as  low  as  5 x 10^^ 
ions/m^,  while  a fluence  about  10  times  larger  was  sufficient  to  ensure  com- 
plete removal  of  all  activity  during  dissolution.  For  AI2O3 , an  increased 
solubility  (in  NaOH)  was  only  observed  for  a fluence  almost  an  order  of  mag- 
nitude higher,  3 x 10^^/m^.  Heating  to  800°C  in  N restored  the  original 
solubility  in  AI2O3;  however,  in  mica,  this  thermal  treatment  up  to  500*C 
did  not  remove  the  enhanced  solubility.  Because  enhanced  solubility  reflects 
a disordered  or  amorphous  state,  it  is  evident  that  mica  is  less  resistant  to 
irradiation- induced  amorphization  than  AI2O3  is.  This  low  resistance  to  amor- 
phization  is  related  to  the  use  of  mica  as  a nuclear-particle  track  detector: 
tracks  of  heavy  ionizing  particles  in  mica  can  be  observed  with  TEM  and  are 
readily  visualized  when  the  disordered  regions  of  the  lattice  are  dissolved 
by  etching,  as  discussed  in  the  following  section. 
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9.5.  FORMATION  OF  ETCHABLE  TRACKS  IN  MICA 


9.5.1.  Critical  Dose 

In  mica  and  some  other  insulators , the  tracks  of  heavy  ions  can  be  readily 
etched  to  optical  dimensions  of  the  order  of  10  nm  (100  A) . Theories  of  track 
formation  are  controversial  and  are  discussed  in  §9.5.3  below  with  respect  to 
their  implications  for  4-K  track  enhancement,  but  the  empirical  evidence  re- 
garding the  energy/u  required  for  etchable  tracks  at  ambient  temperature  is 
well-established  [Katz  and  Kobetich,  1968;  Fleischer  et  al . , 1964].  Figures 
9.5.1  and  9.5.2  show  an  interesting  contrast  between  a typical  organic  mate- 
rial (cellulose  nitrate)  and  muscovite  mica.  The  horizontal  line  shows  the 
dose,  in  Gy,  above  which  etchable  tracks  are  formed.  For  the  organic  mate- 
rial, data  are  available  to  correlate  this  critical  dose  of  ionization  energy 
with  the  y-ray  dose  for  microscopic  damage  of  the  bulk  material.  Figure  9.5.1 
shows  that  the  critical  dose  of  about  2 x 10^  Gy  lies  in  the  region  of  moder- 
ate damage.  No  comparable  bulk  damage  information  is  available  for  mica,  but 
an  expected  dose  for  moderate  bulk  damage  of  about  3 x 10^  Gy  could  be  in- 
ferred from  Figure  9.5.2,  by  analogy  with  the  results  for  cellulose  nitrate 
in  Figure  9.5.1,  which  also  apply  to  at  least  one  other  organic,  bisphenol-A 
polycarbonate  [Katz  and  Kobetich,  1968].  In  tests  which  measured  the  break- 
down voltage  of  composites  containing  mica  flakes  or  mica  paper,  over  90%  of 
the  initial  breakdown  strength  was  observed  after  10^  Gy  of  y radiation  at  a 
temperature  of  155°C  [Aki  et  al.,  1983],  These  results  are  shown  in  Figure 
9.5.3.  Also , the  same  authors  reported  that  the  breakdown  voltage  vs . bending 
cycles  of  hybrid  mica  insulation  remained  unchanged  at  2 x 10^  Gy  (Figure 
9.5.4).  Therefore,  the  moderate  damage  level  for  bulk  mica  from  ambient  y 
irradiation  may  be  in  the  range  of  10^  to  10^  Gy.  Such  y-ray  doses  are  far 
below  the  level  required  for  observable  damage  to  ceramics  such  as  AI2O3 , MgO, 
and  MgAl20i,.  Khan  and  Khan  [1983]  found  that  heavy  damage  (amorphization)  in 
mica  did  not  occur  until  -10®  to  10^°  Gy  in  muscovite  or  -10®  to  10®  Gy  in 
biotite.  These  doses  were  from  electron  irradiation.  [This  relative  sensi- 
tivity to  amorphization  of  muscovite  and  biotite  is  ths  reverse  of  that  re- 
ported by  lijima  and  Zhu  [1982]  (§9.3).]  Hurley  and  Clinard  [1980]  found 
clusters  of  defects  in  muscovite  mica  at  an  ionizing  doze  of  -10^°  Gy,  the 
lowest  dose  attainable  with  their  electron  microscope. 
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Figure  9.5.1.  Calculated  dose  of  ionization  energy  in  cellulose  nitrate  at 
1.5  nm  (15  A)  as  a function  of  the  ion  type  and  energy.  Solid  symbols 
indicate  formation  of  etchable  tracks;  open  symbols  otherwise.  Squares; 
Fleischer  et  al . [1967];  circles:  Benton  [1967];  triangles:  overlapped 
points.  Partial  track  formation  (not  plotted)  is  observed  along  the  dividing 
line  of  critical  dose.  Shading  along  y-axis  gives  response  to  y irradiation: 

X = severe  damage;  / = moderate  damage;  open  = negligible  damage.  Data  from 
Katz  and  Kobetich  [1968]. 
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Figure  9.5.2.  Calculated  dose  of  ionization  energy  in  cellulose  nitrate  at 
1.9  run  (19  A)  as  a function  of  the  ion  type  and  energy.  Solid  circles 
indicate  formation  of  etchable  tracks;  open  circles  otherwise.  Partial  track 
formation  (not  plotted)  is  observed  along  the  dividing  line  of  critical  dose. 
Data  from  Katz  and  Kobetich  [1968]. 
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Figure  9.5.4.  Electrical  breakdovm  voltage  vs.  coil  bending  fatigue  cycles  of 
hybrid  mica/organic  insulation  with  and  without  2 x 10^  Gy  of  7 irradiation. 
Data  from  Aki  et  al.  [1983] . 
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9.5.2.  Mica  Tracks  from  U Fission 

The  as-mined,  natural  forms  of  mica  will  usually  contain  tracks  from  fission 
fragments  and  recoil  nuclei  stemming  from  the  spontaneous  fission  and  radio- 
active decay  of  impurities  over  geologic  times.  Uranium  impurities  are 

usually  associated  with  zircon  (ZrSiO^)  inclusions.  The  density  of  the  tracks 
varies  from  low,  unobservable  values  to  >5  x 10^/cm^.  Track  densities  were 
higher  in  the  biotites  and  phlogopites  studied  by  Price  and  Walker  [1963]  and 
lower  in  muscovites,  but  this  generalization  may  not  apply  to  micas  obtained 
from  different  sources.  Figure  9.5.5  shows  naturally  occurring  "fossil” 
tracks  in  a Madagascar  phlogopite  at  a density  of  about  5 x 10^/cm^.  The 
track  lengths  are  of  the  order  of  10  fim. 

When  natural  mica  is  processed  to  form  mica  paper,  it  is  delaminated  by  me- 
chanical, chemical,  or  water- jet  processes  and  then  the  delaminated  material 
is  recohered  to  form  an  inorganic  "paper"  or  mat  [see,  e.g.,  Ketterer,  1964]. 
Thus,  processing  removes  track  coherence.  However,  this  processing  apparently 
does  not  remove  the  U impurities,  measured  by  Price  and  Walker  [1963]  to  range 
from  10~®  to  10“^^  atomic  fraction  in  unprocessed  micas.  The  U in  inclusions 
and  grain  boundaries  might  tend  to  separate  out  to  some  extent  during  pro- 
cessing, although  no  information  is  available  from  processors  on  this  point. 
Figure  9.5.6  shows  the  same  mica  material  as  that  of  Figure  9.5.5,  but  after 
reactor  irradiation  with  a thermal  neutron  fluence  of  10^^/m^.  The  density  of 
tracks  resulting  from  the  neutron- induced  fission  of  is  about  4 x 10^/cm^. 

Depino  and  Dahl  [1967]  obtained  a similar  density  of  induced  tracks,  7 x 
10^/cm^,  after  irradiation  of  a phlogopite  mica  to  a total  neutron  fluence  of 
~10^^/m^.  The  induced  track  lengths  are  approximately  10  /xm,  the  same  length 
as  the  fossil  tracks.  Maurette  [1966]  reported  a similar  value  for  the  range, 
2.1  mg/cm^.  Track  diameters  range  from  about  5 to  15  nm  (50  to  150  A).  The 
tracks  shown  in  the  figures  above  have  been  etched  with  HF  to  allow  visualiza- 
tion, although  the  tracks  of  unetched,  disordered  material  (diameter  -10  nm) 
can  also  be  seen  in  the  electron  microscope  (Figure  9.5.7).  Since  muscovite 
mica  is  most  commonly  used  in  insulation  products,  it  is  fortunate  that  the 
usual  track  etching  time  of  30  min  is  longer  for  this  type  of  mica  than  for 
phlogopite  and  biotite,  which  have  etching  times  of  1 min  and  20  s,  respec- 
tively. The  undamaged  cleavage  plane  surface  of  muscovite  mica  does  not  dis- 
solve with  the  etching  treatments  used  [Fleischer  et  al.,  1964].  Figure  9.5.8 
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Figure  9.5.5.  "Fossil"  tracks  in  Madagascar  phlogopite  from  ^38^  spontaneous 
fission  fragments  after  visualization  by  etching  for  1 min.  in  15%  HF  at  50'C. 
Track  density  is  -5  x 10^/cm^.  From  Price,  P.B.;  Walker,  R.M.  Fossil  Tracks 
of  Charged  Particles  in  Mica  and  the  Age  of  Minerals . Journal  of  Geophysical 
Research  68.  pp . 4847-4862.  1963.  Copyright  by  the  American  Geophysical 

Union.  Reprinted  with  permission. 
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Figure  9.5.6.  Induced  tracks  in  Madagascar  phlogopite  from  fission  after 

thermal -neutron  fluence  of  10^^/m^.  New  track  density  is  -4  x 10^/cm^.  Same 
specimen  as  shown  in  Figure  9.5.5  before  activation.  From  Price,  P.B.; 
Walker,  R.M.  Fossil  Tracks  of  Charged  Particles  in  Mica  and  the  Age  of  Min- 
erals. Journal  of  Geophysical  Research  68.  pp . 4847-4862.  1963.  Copyright 
by  the  American  Geophysical  Union.  Reprinted  with  permission. 
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Figure  9.5.1 . Fission  fragment  tracks  in  synthetic  mica,  observed  by  TEM. 
The  material  was  irradiated  with  fission  fragments  from  From  Price, 

P.B.;  Walker,  R.M.  Fossil  Tracks  of  Charged  Particles  in  Mica  and  the  Age 
of  Minerals.  Jouxmal  of  Geophysical  Research  68.  pp . 4847-4862.  1963. 
Copyright  by  the  American  Geophysical  Union.  Reprinted  with  permission. 
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Figure  9.5.8.  Conductance  as  a function  of  time  for  thick  mica  of 

track  density  4 x 10^/cm^.  Etched  in  35.7%  HF  at  25°C.  Arrow  indicates 
addition  of  acid.  Data  from  Bean  et  al.  [1970]. 
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indicates  a latent  time  of  perhaps  10  s in  etching  muscovite  mica  at  25"C 
before  enough  material  is  removed  to  allow  passage  of  conducting  ions  through 
the  materia  [Bean  et  al.,  1970].  However,  Figure  9.5.9,  from  the  same  inves- 
tigation, indicates  shorter  latent  periods  for  other  types  of  mica,  and 
Maurette  [1966]  states  that  the  Initial  attack  of  the  etchant  is  very  fast, 
requiring  less  than  a second  to  form  a channel  of  3-nm  (30-A)  diameter.  Pre- 
sumably, the  longer  latent  time  for  a conductance  current  to  appear  in  musco- 
vite mica  indicates  that  continuous  voids  are  not  present  along  the  track; 
rather,  the  material  is  altered  so  that  it  dissolves  very  easily,  as  occurred 
in  the  ion- irradiation  studies  of  Jech,  discussed  in  §9.4  above.  Even  though 
voids  may  not  be  present,  or  at  least,  are  not  continuous  along  the  tracks, 
Davidson  and  Yoffe  [1965]  found  that  fission- fragment  tracks  do  lower  the 
electrical  breakdown  strength  of  mica.  Figure  9.5.10  is  an  electron  micro- 
graph of  these  breakdown  sites,  after  ambient  irradiation  of  muscovite  mica 
with  fission  fragments.  These  authors  did  not  quantify  the  effects  they  ob- 
served, although  their  track  density  of  10^^  tracks/cm^  is  higher  than  would 
be  expected  from  fission  of  impurities  subjected  to  the  expected  thermal 

neutron  fluence  in  the  TF  magnets,  based  on  the  limited  results  of  Price  and 
Walker  [1963]  discussed  above.  Of  course,  as  the  discussion  in  the  following 
§9.5.3  indicates,  fission  fragment  and  a-recoil  damage  may  be  much  heavier,  or 
of  different  character  at  4 K.  Berman  et  al . [1960a]  reported  that  fission 
fragments  appeared  to  act  synergistically  with  reactor  neutrons  to  increase 
damage  (in  AI2O3) . Also,  the  expected  separation  of  the  layered  mica  struc- 
ture from  fast  neutron  displacement  damage  (§9.3,  above)  should  connect  paths 
in  individual  layers  and  perhaps,  lower  breakdown  strength  catastrophically 
under  fusion  conditions.  In  contrast.  Bunch  [1977b]  found  no  electrical 
breakdown  degradation  in  neutron- irradiated  AI2O3  with  voids  of  9-nm  (90  A) 
diameter  (see  also  Clinard  and  Hobbs  [1986]).  A pulsed  breakdown  field  up  to 
180  kV/mm  was  applied.  Clinard  and  Hobbs  did  not  specify  the  neutron  fluence, 
but  reported  that  the  material  was  irradiated  to  12  dpa  at  1100  K.  Bunch  re- 
ported a neutron  fluence  of  1 to  2 X lO^V  m^ . 

Because  extremely  small  amounts  of  U impurity  may  give  rise  to  a significant 
density  of  tracks,  activation  or  other  analysis  of  mica  intended  for  use  in 
fusion  reactors  would  have  to  determine  U impurity  levels  to  the  range  of  one 
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Figure  9.5.9,  Etching  rates  of  tracks  in  several  types  of  mica, 
and  Walker  [1962b]. 
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Figure  9.5.10.  Electron  micrograph  of  electrical  breakdown  sites  in  muscovite 
mica  after  irradiation  with  fission  fragments.  Track  density:  10^^/cm^. 

From  Davidson,  A.T. ; Yoffe,  A.D.  1965.  Dielectric  Breakdown  in  Thin  Mica 
Crystals.  Nature  206.  pp.  1247-1248.  Reprinted  with  permission  from  Nature; 
copyright  1965;  Macmillan  Magazines  Limited. 
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atomic  part  per  10®  to  10^^.  Price  and  Walker  [1963]  obtained  induced  track 
densities  up  to  4 x 10^/cm^  from  this  approximate  range  of  U impurity.  In  one 
mica  tested,  a thermal -neutron  fluence  of  10^^/m^  was  used  to  induce  a fission 
track  density  of  4 x 10^/cm^.  This  is  comparable  to  the  thermal -neutron  flu- 
ence expected  in  the  ITER  TF  magnets.  (More  specifically,  a thermal -neutron 
fluence  of  0.5  x 10^^/m^  [0.022  eV  < E < 0.87  eV]  is  obtained  by  scaling  the 
results  of  Sawan  [1993]  for  a fast  neutron  fluence  of  3.6  x 10^^/m^;  the 
fission  cross  section  ranges  from  about  545  barns  in  the  thermal  energy  range 
to  about  100  barns  at  1 eV;  and  the  fast  fission  cross  section  of  ^®®U  [-99% 
isotopic  abundance]  is  about  0.5  barns  at  3 MeV  [Lapp  and  Andrews,  1954].) 
Fleischer  and  Price  [1964]  have  described  counting  and  thermal  neutron  expo- 
sure techniques  that  could  be  used  to  determine  U concentration  and  expected 
track  densities.  However,  since  the  ITER  exposure  will  occur  at  4 K,  allow- 
ance must  be  made  for  some  recovery  of  damage  before  ambient- temperature  etch- 
ing or  electron  microscopy  is  performed.  Knowledge  of  the  zircon  (ZrSiO^) 
content  may  also  be  useful  in  determining  or  estimating  the  U content,  since 
this  mineral  may  contain  U as  a substitution  solid  solution  up  to  about  0.1%. 
Then,  in  addition,  several  times  as  much  U and  Th  may  be  contained  by  the 
zircon  in  the  form  of  small  crystal  inclusions  [Hurley  and  Fairbairn,  1952] . 

9.5.3.  Temperature  Effect  upon  Track  Recovery  and  Formation 

Track  fading  has  been  studied  as  a function  of  temperature  [Fleischer  et  al,, 
1965a] . If  track  fading  were  governed  by  a single  activation  energy,  there 
would  be  a linear  relationship  between  the  logarithm  of  the  annealing  time  and 
T“^,  where  T is  the  absolute  temperature.  Although  Fleischer  et  al . noted 
that  there  was  evidence  that  a single  activation  energy  was  not  correct  for 
phlogopite  mica,  they  were  able  to  obtain  an  Arrhenius  line  when  they  plotted 
the  time  for  50%  of  the  tracks  to  decrease  in  length  to  less  than  1 /zm.  Ex- 
trapolating this  line  to  22°C  would  give  a fading  time  of  many  years,  but  such 
an  extrapolation  may  be  unwarranted,  because  measurements  were  made  only  be- 
tween 400  and  500'C.  Khan  et  al . [1984]  extended  annealing  studies  to  850°C 
for  tracks  produced  by  very  energetic  (3975  MeV)  ^®®U  ions.  A significant 
recovery,  as  measured  by  a sharp  decrease  in  the  etching  velocity,  did  not 
occur  until  specimens  were  warmed  to  about  550  and  600°C  (Figure  9.5.11), 

Both  the  high  temperature  data  of  Fleischer  et  al.  and  that  of  Khan  et  al. 
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Figure  9.5.11.  Annealing  of  ^^®U-ion  tracks  (3.9-GeV)  in  mica,  as  determined 
by  the  track  etching  velocity.  Data  from  Khan  et  al . [1984]. 
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appear  to  indicate  that  ambient- temperature  warm-up  will  not  suffice  to 
anneal  track  damage,  at  least  from  very  energetic,  heavy  ions.  However, 
fading  of  fission  fragment  tracks  in  biotite,  phlogopite,  and  muscovite 

has  been  observed,  either  at  ambient  temperature  or  in  the  electron  microscope 
[Bonfiglioli  et  al.,  1961;  Price  and  Walker,  1962a].  Bonfiglioli  et  al. 
stored  irradiated  specimens  in  liquid  nitrogen  until  they  were  placed  in  the 
EM,  and  attributed  discontinuous  tracks  to  partial  recovery.  A cryogenic 
temperature  stage  in  the  TEM  was  required  for  the  observation  of  tracks  in 
biotite.  Since  any  fissuring  in  mica  from  4-K  displacement  of  K atoms  may 
also  anneal  somewhat  at  ambient  temperature,  this  effect  upon  breakdown 
strength  will  also  have  to  be  observed  in  situ,  at  4 K.  In  the  TEM  studies, 
the  interlayer  Na  or  K cations  diffused  away,  because  very  thin  sections  were 
used;  this  would  not  be  the  case  for  larger  specimens  or  for  mica  insulation 
in  the  TF  magnets . 

Whether  charged  particles  of  much  lower  mass,  such  as  a particles,  would  form 
tracks  at  4 K even  though  such  tracks  are  not  observed  at  ambient  temperatures 
(Figure  9.5.2)  depends  upon  the  mechanism  of  track  formation.  One  of  the 
first  groups  to  report  tracks  in  mica  suggested  that  a thermal  spike  mechanism 
was  operating,  and  explained  differences  in  the  observed  track  radii  in  dif- 
ferent types  of  mica  on  the  basis  of  this  thermal  model  [Bonfiglioli  et  al., 
1961] . Tracks  were  said  to  represent  material  thermally  altered  by  heat 
spikes  generated  by  the  intense  ionization  along  the  path  of  a fusion  frag- 
ment. The  radius  of  such  a thermally  altered  region  can  be  approximated  by 

r = [Q/e^rCTj^/^  (9.1) 

where  Q is  the  heat  released  per  unit  path  length,  C is  the  specific  heat, 
and  Tc  is  the  thermal  decomposition  temperature  [Sherman,  1962  and  citations 
therein] . This  equation  accounted  for  the  larger  diameter  tracks  in  muscovite 
(Tc  = 700°C)  than  in  fluorophlogopite  (Tj,  = 1200°C)  . Since  the  tracks  were 
not  etched,  but,  instead,  were  observed  in  an  electron  microscope,  the  lack 
of  tracks  in  biotite  (T^,  = 500°C)  was  attributed  to  recovery  during  beam  heat- 
ing. Although  many  other  authors  have  subscribed  to  the  thermal  spike  model 
[e.g.,  Chadderton,  1965;  Matzke,  1982],  Price  and  Walker  [1962a]  questioned 
this  interpretation  and  proposed  instead  an  ion- explosion  spike  mechanism 
[Fleischer  et  al.,  1965b].  In  this  model,  mutual  repulsion  of  positive  ions 
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ejects  them  into  the  surrounding  lattice.  However,  Price  and  Walker  [1962a] 
also  found  that  track  fading  in  biotite  could  be  arrested  by  cooling  the  sam- 
ple to  77  K during  electron  microscopy,  and  that  tracks  in  this  form  of  mica 
were  much  wider  than  in  other  micas , indicating  some  involvement  of  a thermal 
mechanism.  Furthermore,  tracks  in  synthetic  fluorophlogopite  were  found  to  be 
narrower  and  stable  under  observation.  Sigrist  and  Balzer  [1977]  later  showed 
that  the  latent-track  etchability  threshold  could  be  better  scaled  by  thermo- 
dynamic parameters  than  by  parameters  of  an  ion- explosion  mechanism.  Khan  and 
Khan  [1983]  found  that  the  dose  from  the  secondary,  5 -ray  electrons,  about 
10®  Gy,  would  be  inadequate  to  produce  etchable  damage,  as  postulated  in  the 
ionization  spike  model.  About  10^  Gy  were  required  to  produce  observable 
etchable  damage  in  muscovite  mica.  Hashemi-Nezhad  et  al.  [1982]  came  to  a 
similar  conclusion  for  biotite  mica;  the  Ne  ion  is  the  lightest  ion  to  produce 
etchable  tracks  in  biotite  (at  ambient  temperature) , but  the  dose  from  1-MeV 
electrons  necessary  to  produce  coloration  and  enhanced  bulk  etching  (amorphi- 
zation)  was  -10®  to  10®  Gy,  much  higher  than  the  electron  dose  from  S rays  in 
the  path  of  a Ne  ion. 

Dartyge  et  al.  [1976]  challenged  the  existence  of  an  energy  threshold  mecha- 
nism for  track  registration:  their  small  angle  X-ray  scattering  experiments 
on  latent  tracks  indicated  that  zones  of  disordered  material  were  formed  and 
the  size  and  separation  of  these  zones  determined  the  chemical  etchability  of 
the  latent  track.  However,  these  results  were  criticized  by  Albrecht  et  al. 
[1985],  who  again  found  an  energy  loss  dependence.  These  authors  determined 
that  a very  large  number  of  atoms  were  displaced  per  nm  of  track:  480  ± 200 
for  190  ± 90  for  ^®^Xe;  and  60  ± 30  for  ®^Kr  ions.  A large  amount  of 

displacement  damage  would  appear  to  facilitate  a decrease  in  electric  break- 
down strength  after  track  formation. 

Toulemonde  et  al.  [1989,  1990]  also  conducted  experiments  that  related  the 
level  of  damage  in  tracks  to  the  electronic  stopping  power  of  the  ion  in  the 
medium.  Ritchie  and  Claussen  [1982]  noted  that  although  the  ions  lost  most  of 
their  energy  to  electrons  in  the  stopping  medium,  atomic  displacement  was 
necessary  for  track  registration.  They  suggested  that  for  insulators,  the 
excited  electrons  formed  a core  electron- ion  plasma,  leading  to  transfer  of 
the  electronic  energy  to  the  lattice,  and  causing  a transiently  heated  region. 
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In  metals  and  semiconductors,  higher  electron  mobility  evidently  prevents  the 
energy  deposited  in  the  electronic  system  from  being  confined  long  enough  to 
form  a transiently  heated  region. 

In  accord  with  the  model  of  Ritchie  and  Claussen,  Toulemonde  et  al.  [1992] 
used  a thermal -spike  calculation  to  describe  the  effects  of  high  energy, 
heavy- ion  irradiation  in  amorphous  metals  and  semiconductors.  Instead  of  a 
simpler  early  model  [Equation  (9.1)],  Toulemonde  et  al.  used  a more  sophis- 
ticated formalism,  noting  that  the  phase  transformations  induced  by  heavy- ion 
irradiation  may  result  from  an  increase  of  the  lattice  temperature  in  a two- 
step  process.  First,  the  energy  deposited  in  electron  excitation  is  shared 
with  the  "cold”  electrons  (in  <10“^^  s) , and  then  the  energy  is  transferred  to 
the  lattice  by  electron-atom  interactions  (-5  x 10“^^  s) . Since  the  electron 
and  lattice  systems  are  not  in  thermal  equilibrium,  the  space  and  time  evolu- 
tion of  the  electronic  system  and  lattice  temperatures  are  governed  by  a set 
of  coupled  nonlinear  differential  equations  which  Toulemonde  et  al.  solved 
numerically  in  cylindrical  geometry.  This  procedure  requires  many  additional 
thermodynamic  parameters  beyond  those  in  the  simple  Equation  (9.1).  Never- 
theless, the  rise  in  local  temperature  is  again  inversely  proportional  to  the 
specific  heat,  as  in  Equation  (9.1).  Thus,  the  thermal  spike  mechanism,  even 
when  couched  in  more  advanced  formalism,  would  evidently  predict  an  enhance- 
ment of  track  formation  and  track  diameter  at  4 K,  since  the  specific  heat 
of  mica  is  expected  to  be  several  orders  of  magnitude  lower  at  4 K than  at 
ambient  temperature.  Even  a particles  may  therefore  induce  tracks  at  4 K, 
although  it  is  well-established  that  they  do  not  at  ambient  temperature 
(Figure  9.5.2).  Since  about  7%  of  the  neutron  fluence  at  the  TF  magnets  is 
expected  to  have  an  energy  above  5 MeV,  production  of  a particles  is  not  in- 
significant. At  ambient  temperature,  particles  with  atomic  mass  below  about 
30  u are  not  expected  to  cause  formation  of  etchable  tracks  in  mica  [Price  and 
Walker,  1962a] , and,  since  the  average  atomic  mass  for  mica  is  about  20,  the 
recoil  ions  from  a-particle  reactions  would  not  be  expected  to  produce  tracks. 
Again,  however,  under  the  assumption  of  a thermal  mechanism,  track  formation 
for  recoils  of  ~20-u  atoms  could  be  significant  at  4 K.  Toulemonde  et  al. 
[1987]  used  a Mossbauer  spectroscopic  technique  to  show  that  the  change  in 
magnetic  properties  in  a ferrimagnetic  oxide  was  dependent  upon  the  electronic 
stopping  power,  as  discussed  above,  both  at  77  and  300  K.  However,  their  data 


317 


were  normalized,  so  they  did  not  publish  a comparison  of  the  magnitude  of  the 
effect  at  the  two  temperatures.  Hence,  the  data  of  Toulemonde  et  al . do  not 
necessarily  disagree  with  the  hypothesis  of  an  increase  in  the  latent  track 
damage  at  cryogenic  temperatures . 

Track  formation  in  an  unidentified  mica  from  fission  fragments  of  ^^^Cf  at 
77  K was  studied  by  Fleischer  et  al . [1965a].  This  was  done  by  observing  the 
density  and  length  distribution  of  etched  tracks.  Within  the  experimental 
error  of  ±10%,  the  track  density  and  length  were  found  to  be  unchanged  at 
77  K,  when  irradiation  with  fission  fragments  occurred.  However,  etching  and 
measurement  of  tracks  evidently  took  place  at  ambient  temperature,  which  could 
have  permitted  some  recovery  of  77 -K  damage,  and  caused  the  77 -K  results  to 
appear  similar  to  those  from  ambient- temperature  irradiation.  Furthermore, 
Fleischer  et  al.  expected  that  a difference  in  track  registration  sensitivity 
at  77  K would  be  manifested  by  a change  in  the  track  length  distribution. 
Actually,  the  range  of  fission  fragments  would  be  unchanged,  to  a first  ap- 
proximation, at  lower  temperatures,  but  the  track  radius  would  increase,  as 
predicted  by  Equation  (9.1)  and  the  pronounced  dependence  of  the  specific  heat 
upon  temperature  below  300  K.  A much  stronger  effect  should  occur  at  4 K than 
at  77  K.  Fischer  et  al.  evidently  did  not  measure  the  track  radius  from  77-K 
irradiation  with  fission  fragments  for  comparison  with  ambient- temperature 
results . 

The  individual  mica  flakes  that  are  separated  and  then  reconstituted  to  fomn 
a mica  insulation  product  have  an  inherent  degree  of  porosity  [e.g.,  Noren  and 
Ball,  1969;  Klein,  1981].  Therefore,  even  if  track  formation  does  not  occur, 
or  does  not  degrade  the  electrical  breakdown  strength  significantly,  the 
likely  separation  of  mica  layers  under  displacive  neutron  irradiation,  as 
discussed  above  in  §9.3,  may  decrease  electrical  breakdown  strength,  because 
connecting  void  paths  will  open  up,  to  some  degree.  The  possible  degradation 
of  electrical  breakdown  strength  in  mica  must  be  tested  in  situ,  after  4-K 
irradiation,  because  some  of  the  interlayer  K cations  may  diffuse  back  to 
bonding  positions  during  warm-up.  The  interlayer  cations  in  the  TEM  experi- 
ments discussed  above  were  permanently  removed,  owing  to  the  use  of  thin  sec- 
tions in  the  electron  microscope. 
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9.5.4.  Electric -Field  Enhancement  of  Tracks 


The  topic  of  possible  electric-field  enhancement  of  track  formation  must  be 
briefly  discussed,  because  the  insulation  in  the  TF  magnets  is  exposed  to  an 
electric  field  and  at  least  two  papers  noting  such  effects  have  appeared  in 
the  literature.  In  the  first,  Crannell  et  al . [1970]  found  that  the  appli- 
cation of  fields  up  to  55  kV/mm  to  cellulose  nitrate  during  a-particle  irra- 
diation enhanced  the  efficiency  for  etchable  track  formation  in  an  a-particle 
energy  range  from  3.4  to  4.0  MeV.  However,  prior  application  of  the  field 
also  produced  considerable  enhancement,  so  the  authors  hypothesized  that  ozone 
formed  by  corona  discharge  was  the  activating  agent.  (The  experiments  were 
performed  in  air.) 

Blanford  et  al . [citation,  Fleischer  et  al . , 1975]  observed  a sensitivity 
enhancement  when  bisphenol  polycarbonate  was  irradiated  in  the  presence  of  a 
spark  discharge.  In  this  case,  the  enhancement  was  probably  due  to  production 
of  one  of  the  nitrogen  oxides  produced  in  the  discharge.  This  work  was  re- 
viewed by  Fleischer  et  al . [1975]  in  a book  that  extensively  reviews  track 
production  in  mica  and  other  substances.  However,  comparable  experiments  in 
mica  were  not  cited.  Because  no  intrinsic  electric  field  effect  has  been 
substantiated  in  other  materials,  and,  apparently,  the  possible  production 
of  such  an  effect  in  mica  has  not  been  investigated,  electric  field  enhance- 
ment of  track  production  in  mica  remains  a topic  for  further  research  at  this 
writing. 

9.6.  AMORPHIZATION 

Estimates  of  the  dose  of  ionizing  radiation  required  for  amorphization  of  mica 
vary  somewhat,  perhaps  because  some  estimates  were  obtained  from  indirect 
evidence,  rather  than  from  X-ray  or  electron  diffraction  techniques.  Spitzer 
[1970]  used  mica  splittings  (type  unspecified)  as  support  films  for  TEM  stud- 
ies with  100-keV  electrons.  He  reported  that  the  support  films  became  com- 
pletely amorphous  at  a total  dose  of  500  (A*s)/cm^,  equivalent  to  an  electron 
fluence  of  3.1  x lO^V^m^.  Using  the  stopping  power  for  100-keV  electrons  in 
Si02  from  Berger  and  Seltzer  [1982]  gives  (3.1  x 10^'^/cm^)  x (3.4  MeV  cmVg) 

= 1.05  X 1025  MeV/kg  = 1.7  x 10^2  gy. 
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In  contrast,  Hashemi-Nezhad  et  al,  [1982]  concluded  that  a dose  of  only  -10® 
to  10®  Gy  from  1-MeV  electrons  was  necessary  to  produce  enhanced  bulk  etching 
in  biotite  (§9.5.3).  (As  noted  above  in  §9.4,  the  enhanced  solubility  of  a 
material  signals  the  onset  of  amorphization. ) Khan  and  Khan  [1983]  found  that 
about  10®  Gy  were  necessary  for  improved  etching  in  muscovite  mica.  Their 
required  dose  for  biotite  was  about  an  order  of  magnitude  smaller  than  that 
required  for  muscovite,  and  these  authors  reported  that  their  estimates  of 
critical  doses  were  about  an  order  of  magnitude  greater  than  those  of  Hashemi- 
Nezhad.  This  result  appears  to  disagree  with  a report  of  lijima  and  Zhu 
[1982],  who  found  that  muscovite  vitrified  before  biotite  under  TEM  (§9.3). 
Khan  and  Khan  used  1-MeV  elections,  10-MeV  protons,  and  40-MeV  a particles. 

Jech  [1967],  who  studied  solubility  with  a radioactive  tracer  technique  rather 
than  with  physical  measurements  and  EM,  apparently  found  a lower  limit  for  the 
onset  of  amorphization  (§9.4).  The  critical  ion  fluence  with  10-keV  Kr  ions 
was  ~5  X 10^®/m^,  equivalent  to  a fast  neutron  fluence  of  roughly  5 x 10^^/m^, 
using  the  approximate  rule  of  Evans  et  al.  [1972]  discussed  above  in  §1.2.6. 
Using  the  conversion  factor  of  7.7  x 10“^’  Gy/(neutron/m^)  published  for  fast 
neutrons  in  AI2O3  [Egusa  et  al . , 1984]  would  give  an  ionization  dose  of  only 
about  4 X 10®  Gy.  More  complete  disorder  required  -4  x 10®  Gy.  However,  this 
ionization  dose  was  accompanied  by  a much  higher  proportion  of  displacement 
damage  than  that  from  electrons  and  protons  (Table  1.2.7).  This  would  account 
for  the  difference  of  several  orders  of  magnitude  with  the  results  of  Khan  and 
Khan  and  Hashemi-Nezhad.  Also,  Jech  did  not  report  the  form  of  mica  that  was 
studied,  and  Khan  and  Khan  found  a difference  of  an  order  of  magnitude  in  the 
amorphization  dose  of  two  types  of  mica.  Fowler  et  al.  [1981]  also  found  many 
orders  of  magnitude  difference  in  the  ionization  dose  required  for  damage  to 
phlogopite  mica  in  the  glass  ceramic  Macor,  depending  upon  whether  or  not  the 
ionizing  dose  was  accompanied  by  significant  displacive  damage,  as  was  the 
case  for  the  14-MeV  irradiations  (§10.1.3,  below). 

Comparatively,  Jech  found  that  mica  amorphized  at  a fluence  about  an  order  of 
magnitude  below  that  of  AI2O3.  X-ray  studies  of  amorphization  in  AI2O3  by 
Matzke  and  Whitton  [1966]  (§2.3)  indicated  an  ion  fluence  of  8 x 10^^/m^  was 
required;  this  was  in  agreement  with  the  onset  fluence  of  3 x 10^^/m^  found  by 
Jech.  Matzke  and  Whitton  used  40-keV  Kr  and  Xe  ions  and  Jech  used  10-keV  Kr 
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ions.  Since  Matzke  and  Whitton  also  observed  that  MgO  amorphized  less  easily 
than  AI2O3,  and  Jech  observed  that  mica  amorphized  at  a lower  fluence  than 
AI2O3,  the  order  of  relative  stability  is  probably  MgO  > AI2O3  > mica.  Evi- 
dence for  the  relative  stability  of  the  two  forms  of  mica,  biotite  and  mus- 
covite, is  unclear,  as  noted  above.  It  is  difficult  to  extrapolate  to  the 
values  of  fast  neutron  amorphization  fluences  at  4 K from  these  data,  because 
McHargue  et  al.  [1986]  found  that  the  amorphization  fluence  for  AI2O3  was  two 
orders  of  magnitude  lower  at  77  K than  at  300  K,  for  foreign  ions,  and  proba- 
bly many  orders  of  magnitude  lower  for  host  ion  or  fast  neutron  amorphization. 
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10.  RADIATION  RESISTANCE  OF  HYBRID  INSULATION 


Because  differential  swelling  of  a two-component  material  under  radiation  may 
cause  stresses  at  the  interface,  hybrid  insulations  may  be  especially  sensi- 
tive to  radiation.  Very  little  research  has  been  done  in  this  area.  The 
approach  in  this  report  will  be  to  review  results  on  hybrid  mica  insulation, 
considering  both  radiation  damage  to  the  mica-glass  ceramic,  Macor,  and  to 
mica-epoxy  hybrids.  Then,  the  theoretical  treatments  of  this  subject  will  be 
briefly  surveyed. 

10.1.  LOW  TEMPERATURE  IRRADIATION  OF  A MICA-GLASS  CERAMIC 

The  machinable  glass  ceramic,  Macor,  consists  of  interlocking,  but  noncontigu- 
ous fluorophlogopite  crystals  (KMg3AlSi30ioF2)  ^ borosilicate  glass  matrix. 
The  machinability  is  comparable  to  that  of  a soft  metal.  Vitreous  Si02  densi- 
fies  and  exhibits  an  increase  in  refractive  index  at  a relatively  low  neutron 
fluence  of  about  10^^  to  10^^/m^.  A muscovite  mica  exhibited  very  large  swell- 
ing at  2 X 10^^/m^  ([Bopp  et  al . , 1960],  §9.2),  but  TEM  studies  indicated  that 
a fluorophlogopite  mica,  lacking  the  OH  ion,  would  be  more  resistant  to  vitri- 
fication than  other  micas  ([lijima  and  Zhu,  1982],  §9.3).  However,  mica  is 
considerably  less  radiation  resistant  than  the  ceramic  oxides  (e.g.,  §§9.2, 
9.4),  as  is  vitreous  Si02,  so  their  hybrid  combination  should  be  most  useful 
in  regions  of  lower  fluence.  A further  problem  is  that  the  B-free  forms  of 
Macor  investigated  by  Porter  et  al.  [1981]  at  high  irradiation  temperatures 
are  no  longer  available.  The  isotope  produces  a particles  both  from  ther- 
mal and  very  high  energy  neutron  f luences . 

10.1.1.  Defect  Dens ity 

Measurements  of  the  defect  density  in  irradiated  Macor  were  not  found  in  the 
literature  search. 

10.1.2.  Change  in  Volume 

Fowler  et  al.  [1981]  irradiated  Macor  at  ambient  temperature  with  14-MeV  neu- 
trons from  the  RTNS  source  at  f luences  up  to  10^^/m^.  An  observable  density 
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change  was  detectable  only  at  the  highest  fluence  of  10^^/m^.  It  was  an  in- 
crease of  0.05  to  0.1%.  Coghlan  and  Clinard  [1991]  continued  the  irradiation 
(also  at  ambient  temperature)  to  a maximum  14-MeV  fluence  of  4 x 10^^ /m^, 
observing  first  an  increase  in  volume,  and  then  a decrease,  as  shown  in  Fig- 
ure 10.1.1.  Coghlan  and  Clinard  noted  that  this  unusual  result  was  consistent 
with  two  competing  processes  in  the  composite:  an  increase  in  the  volume  of 
the  mica  (§9.2,  Figure  9.2.2)  and  a decrease  in  the  volume  of  the  glass  (§6.2, 
Figure  6.2.4).  Coghlan  and  Clinard  used  mathematical  expressions  for  the 
density  as  a function  of  fluence  with  three  adjustable  parameters  to  fit  the 
densities  of  the  two  components,  mica  and  glass,  and  that  of  the  composite. 
(See  the  paper  for  details  of  the  procedure.)  The  three  density  functions  are 
shown  graphically  in  Figure  10.1.2.  Then,  Figure  10.1.3  shows  that  the  swell- 
ing of  Macor  calculated  from  these  density  functions  is  in  reasonable  agree- 
ment with  the  experimental  results  (Figure  10.1.1).  Although  the  model  pre- 
dicts a limiting  value  for  the  swelling  of  Macor  of  less  than  0.5  vol.%  at 
high  fluences,  the  authors  cautioned  that  differential  swelling  of  the  two 
phases  of  the  composite  material  could  lead  to  reduction  of  strength,  and, 
eventually,  to  the  separation  of  the  phases  and  total  destruction  of  the  mate- 
rial. Clinard  et  al.  [1984]  had  observed  this  behavior  earlier  in  a SiC/ 
graphite  composite  irradiated  to  a high  fission  fluence:  the  composite  suf- 
fered almost  complete  delamination  as  the  result  of  swelling  of  the  SiC  and 
densif ication  of  the  graphite. 

10.1.3.  Microstructural  Changes;  Amorphization 

The  Macor  irradiated  by  Fowler  et  al.  was  ion- thinned  for  examination  in  a 
TEM,  along  with  unirradiated  control  specimens.  Only  the  material  irradiated 
to  lO^^/rn^  showed  noticeable  change:  occasional  areas  of  barely  visible  mot- 
tled damage  in  the  mica  phase.  Using  correlations  for  the  ionization  dose  for 
AI2O3  [citation,  Fowler  et  al.,  1981],  the  ionization  dose  from  this  14-MeV 
fluence  was  found  to  be  -6  x 10^  Gy  and  the  ionization  dose  from  a fission 
irradiation  that  caused  -4%  swelling  in  mica  was  -2  x 10^  Gy  (Figure  9.2.2). 
Ionizing  doses  were  also  generated  in  the  TEM.  A dose  of  -10^^  Gy  was  neces- 
sary to  cause  observable  damage  to  the  mica  constituent  of  Macor,  whereas 
slightly  lower  doses  caused  pores  to  appear  in  the  glassy  matrix.  Thus, 
there  is  a difference  of  about  4 or  5 orders  of  magnitude  in  the  effects  of 
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VOLUME  SWELLING, 


Figure  10.1.1.  Experimental  values  for  the  swelling  of  Macor  as  a function  of 
the  14-MeV  neutron  f luence . Data  from  Coghlan  and  Clinard  [1991].  The  value 
of  zero  for  the  swelling  at  a fluence  of  lO^V™^  is  roughly  consistent  with 
the  increase  of  +0.05  to  +0.1%  in  the  density  observed  by  Fowler  et  al. 

[1981],  which  would  require  initial  compaction  (-AV/V). 
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CALCULATED  DENSITY,  Mg/m 


3.0 


Machinable  Mica-  Ambient  Irradiation  (n) 

Glass  Ceramic 


Figure  10.1,2.  Calculated  density  of  Macor  and  its  two  constituent  phases,  as 
a function  of  the  14-MeV  neutron  fluence.  Data  from  Coghlan  and  Clinard 
[1991] . 


326 


CALCULATED  VOLUME  SV\^ELLING. 


2.0 


Machinable  Mica-  Ambient  Irradiation  (n) 

Glass  Ceramic 


NEUTRON  FLUENCE.  lO^Vm^  (E  = 14  MeV) 


Figure  10.1.3.  Calculated  swelling  of  Macor,  following  the  procedures 
described  in  the  text,  as  a function  of  the  14-MeV  neutron  fluence.  Data  from 
Coghlan  and  Clinard  [1991]. 
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the  ionizing  doses  from  neutrons  and  electrons.  This  presumably  reflects  the 
heavier  displacement  damage  that  accompanies  the  ionizing  dose  from  neutrons 
(e.g.,  Table  1.2.7).  Coghlan  and  Clinard  did  not  report  microstructural  ob- 
servations of  their  Macor  specimens  irradiated  to  a higher  14-MeV  fluence  of 
4 X 10^^ /m^ . However,  they  did  report  that  some  specimens  fractured  from 
handling  after  irradiation.  These  specimens  were  16 -mm  diameter  disks  that 
were  0.55  mm  thick. 

10.1.4.  Mechanical  Properties 

Fowler  et  al . [1981]  performed  three -point  bending  tests  on  Macor  specimens 
irradiated  to  10^°  and  10^^/m^  with  14-MeV  neutrons.  A very  slight,  but  con- 
sistent, strengthening  was  observed.  The  initial  flexural  strength  was  104 
± 4 MPa  (24  specimens) ; at  the  highest  fluence  it  was  109  ± 4 MPa  (14  speci- 
mens) . Coghlan  and  Clinard  [1991]  did  not  conduct  similar  flexural  strength 
tests  on  the  Macor  they  irradiated  to  higher  fluences,  but  measured  the  hard- 
ness of  two  irradiated  specimens  and  a control.  These  measurements  are  shown, 
for  two  indentor  masses,  in  Figure  10.1.4.  The  large  standard  deviations 
reflect  the  fact  that  the  sizes  and  distribution  lengths  of  the  mica  flakes 
were  of  the  order  of  the  sizes  of  the  indentations.  In  regard  to  the  strength 
of  the  irradiated  material,  Coghlan  and  Clinard  noted  that  some  of  their  irra- 
diated disks  were  fractured  in  handling  and  others  were  damaged  by  attempts 
to  remove  the  Kapton  tape  (also  damaged)  that  was  used  to  hold  the  assemblage 
together  during  the  irradiation.  Specimens  of  one  of  the  B-free  mica-glass 
ceramics  irradiated  by  Porter  et  al . [1981]  to  fission  fluences  of  -2.5  x 
10^^/m^  (E  > 0.1  MeV)  at  400  and  550°C  also  often  broke  in  handling,  but 
Macor  and  other  mica-glass  ceramics  evidently  did  not.  Porter  et  al . reported 
that  the  hardness  of  all  of  these  materials  increased  significantly  after 
irradiation. 

10.1.5.  Thermal  Properties 

Some  reduction  in  thermal  diffusivity  would  be  expected  from  irradiation 
damage.  A reduction  to  97.8%  of  the  original  value  of  diffusivity  (4.5  x 
10“^  mVs)  was  reported  by  Fowler  et  al . [1981]  at  their  highest  14-MeV 
irradiation  fluence  of  10^^/m^. 
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VICKERS  HARDNESS 


Figure  10.1.4.  Change  in  Vickers  hardness  of  Macor  as  a function  of  14-MeV 
neutron  fluence.  Data  from  Coghlan  and  Clinard  [1991]. 
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10.2.  IRRADIATION  OF  HYBRID  MICA  INSULATION 


A material  identified  only  as  glass -bonded  mica  was  reported  to  break  up  be- 
cause of  a large  loss  in  strength  when  irradiated  to  an  epithermal  fluence  of 
2 to  6 X lO^Vm^  (E  > 100  eV)  [S  isman  et  al.,  1957].  Apparently,  non-bonded 
mica  (not  further  identified)  and  plate  glass  survived  a similar  fluence  (2  x 
10^^/m^)  and  were  tested  for  hardness  and  change  of  thermal  conductivity,  but 
lead  and  pyrex  glass  specimens  were  broken  up  (§9.2).  This  fluence  range  is 
similar  to  that  required  for  devitrification  of  glass;  however,  it  was  unclear 
whether  the  destruction  of  the  glass  or  effects  of  the  interface  were  respon- 
sible for  the  break-up  of  the  glass -bonded  mica.  As  noted  above  in  §10.1.2, 
severe  interfacial  stress  might  be  expected,  owing  to  the  large  expansion  of 
mica  during  irradiation,  combined  with  compaction  of  the  glass.  A comparison 
of  Figures  9.2.1  and  9.2.2  shows  that  the  c-axis  expansion  cannot  account  for 
all  of  the  radiation  swelling  in  mica;  therefore,  it  may  not  be  correct  to 
assume  that  most  of  the  expansion  of  mica  flake  or  mica  paper  occurs  perpen- 
dicular to  the  plane  of  the  interface. 

Properties  after  y irradiation  of  a hybrid  mica  insulation  system  consisting 
of  mica  paper  tape,  mica  flakes,  and  polyimide  film  were  described  above  in 
§§9.2  and  9.5  [Aki  et  al.,  1983].  Figures  9.2.3,  9.5.3,  and  9.5.4  present 
data  on  creep  properties  and  electrical  breakdown  voltage  after  an  ambient 
dose  of  -2  X 10^  Gy.  Good  retention  of  properties  after  this  ionization  dose 
was  observed.  But  note  from  §10.1.3  that  an  electron  ionization  dose  of 
-10^^  Gy  was  required  before  significant  damage  to  a glass -mica  ceramic  was 
observed,  but  that  the  ionization  dose  from  a 14-MeV  neutron  fluence  required 
to  generate  about  the  same  level  of  damage  was  about  a factor  of  10^  lower. 
This  is  apparently  due  to  the  greater  level  of  displacement  damage  accompany- 
ing the  neutron  ionization  dose.  Therefore,  results  of  Aki  et  al.  [1983]  on 
ambient  7 irradiation  of  hybrid  mica  insulation  cannot  be  extrapolated  to 
those  for  4-K  neutron  irradiation  at  the  expected  ITER  fluence.  Also,  note 
that  these  authors  found  that  the  strain  from  a small  bending  radius  caused 
severe  deterioration  in  the  electrical  breakdown  strength  of  both  mica  flake 
and  mica  paper  insulation,  unless  it  was  reinforced  by  a polyimide  film 
(Kapton) . The  results  of  static  bending  tests  of  small  bar  coils  are  shown 
in  Figure  10.2.1.  The  dielectric  strength  of  the  polyimide  film  withstands 
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Figure  10.2.1.  Deterioration  of  electrical  breakdown  strength  of  mica-paper 
and  mica- flake  layered  insulation  under  static  bending  load,  with  respect  to 
performance  of  polyimide  film.  Data  from  Aki  et  al.  [1983] . 
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the  largest  bending  strain.  Unfortunately,  tensile-strength  measurements 
of  such  polyimide  films  showed  that  deterioration  began  to  occur  above  an 
ambient- temperature , 14-MeV  fluence  of  -5  x 10^°/m^  [Abe  et  al.,  1987];  since 
the  ITER  14-MeV,  4-K  fluence  at  the  TF  magnets  is  -3  x 10^°/m^,  and  this 
represents  only  about  1%  of  the  total  neutron  fluence,  it  is  quite  possible 
that  such  polyimide  reinforcements  will  not  survive  the  4-K  ITER  irradiation 
with  good  electrical  and  mechanical  properties.  (The  14-MeV  fluence  expected 
at  the  TF  magnets  is  obtained  from  a spectrum  from  Sawan  [1993]  for  a fast 
neutron  fluence  of  3.6  x 10^^/m^  scaled  to  reflect  the  decrease  to  1 x 
10^^/m^ . ) 

10.3.  IRRADIATION  OF  DUPLEX  STRUCTURES 

Several  theoretical  investigations  of  stresses  in  a duplex,  or  bonded  struc- 
ture in  a fusion  environment  will  be  briefly  described.  Glasgow  and  Wolfer 
[1985]  considered  two  bonded  metals  and  performed  a one -dimensional  inelastic 
stress  analysis  of  a thin-walled  shell  element.  Their  analysis  encompassed 
temperature -dependent  material  properties,  radiation- induced  swelling,  thermal 
and  irradiation  creep,  and  thermal  expansion.  They  derived  an  equation  for 
the  case  of  a duplex  plate  constrained  from  bending.  When  stress  distribution 
was  followed  with  time,  a near  steady-state  distribution  was  approached, 
depending  upon  swelling,  and,  especially,  creep. 

Blanchard  [1988]  also  considered  the  influence  of  swelling  and  irradiation 
creep  in  bonded  fusion  components.  Boundary -layer  stress  intensities  were 
analyzed  for  two  systems:  graphite  on  Cu  (both  assumed  to  be  creep- free)  and 
W on  V (high  irradiation  creep  rate).  Blanchard  and  Ghoniem  [1990]  analyzed 
thermal  and  swelling  stress  fields  using  a model  of  two  thin,  rectangular 
strips  perfectly  bonded  along  one  surface.  Logarithmic  or  algebraic  singu- 
larities were  found  for  the  solutions  of  the  stress  fields  near  the  edge  of 
the  structure.  For  further  details  of  these  calculations  and  additional  ref- 
erences, the  reader  is  referred  to  the  original  reports  and  to  the  citations 
therein. 

Ceramic-metal  bonds  have  been  tested  after  neutron  irradiation  [Patrick,  1965; 
Barr  et  al.,  1990].  Patrick  found  that  AI2O3  ceramics  maintained  good  bonding 
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after  a fast  neutron  fluence  of  -3  x 10^^/m^  at  temperatures  of  700  to  900  K. 
Spinel  and  MgO  disks  tested  under  the  same  conditions  showed  extensive  damage 
and  were  judged  unusable.  Perhaps  for  this  reason,  bonded  specimens  of  these 
ceramics  were  not  tested.  Barr  et  al . tested  AI2O3 , MgAl204 , and  mica-glass 
ceramic- to-metal  seals  with  a leak  detector  after  a spallation  neutron  fluence 
of  3.8  X 10^^/m^.  Only  the  mica- glass  ceramics  showed  a measurable  leak, 
but  this  may  have  arisen  from  fittings  that  connected  the  seals  to  the  leak 
detector . 
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11.  RADIATION- INDUCED  ELECTRICAL  DEGRADATION  (ELECTRIC  FIELD  EFFECT) 


11.1.  ELECTRICAL  CONDUCTIVITY  IN  INSULATORS 

Valence  electrons  in  both  insulators  and  metals  have  energies  that  fall  into 
discrete  bands  separated  by  forbidden  regions,  or  band  gaps,  in  which  no  elec- 
tronic energy  states  are  allowed.  The  difference  between  insulators  and  metal 
conductors  is  schematically  indicated  in  Figure  11.1.1:  the  valence  electrons 
of  insulators  exactly  fill  one  or  more  bands,  so  an  external  electric  field 
will  not  cause  a flow  of  current.  If  there  are  a few  vacant  states  at  the  top 
of  a band,  these  are  called  holes.  Then,  an  applied  electric  field  will  cause 
the  electrons  to  move  in  the  direction  opposite  to  that  of  the  field,  in  mo- 
mentum space,  but  the  vacancy,  or  hole,  will  move  along  the  field  direction  as 
if  it  had  a positive  charge.  Therefore,  both  electrons  and  holes  are  con- 
sidered to  be  charge  carriers  that  respond  to  electric  fields.  At  ambient  and 
lower  temperatures,  very  few  holes  exist,  and  the  typical  insulator  has  a very 
high  resistivity,  sometimes  -10^^  n*m.  As  the  temperature  is  increased, 
charge  carriers  are  thermally  excited  across  the  band  gap  into  higher  energy 
states  (a  conduction  band) , and  typical  resistivities  for  ceramics  such  as 
AI2O3  drop  to  10^  to  10^  n*m  at  1000  K. 

Irradiation  can  affect  resistivity  both  by  causing  structural  (displacement) 
damage  and  by  depositing  ionization  energy.  Structural  changes  can  introduce 
trapping,  recombination,  or  scattering  centers  so  that  resistivity  could  in- 
crease or  decrease.  But,  ionizing  energy  can  generate  a density  of  charge 
carriers  far  above  that  arising  from  thermal  effects.  For  example,  Davis 
[citation,  Clinard,  1979]  found  that  resistivities  of  several  insulators  de- 
creased from  about  10^^  to  about  10^  fi*m  below  400  to  700  K with  an  ionizing 
dose  rate  of  -5  x 10^  Gy/h  from  7 radiation.  The  increase  in  conductivity  of 
single-crystal  AI2O3  with  irradiation  in  this  dose  rate  range  is  shown  in 
Figure  11.1.2  [citation,  Clinard,  1979];  the  effect  is  reduced  at  lower  tem- 
peratures. The  data  for  Cr-doped  crystals  are  included  because  transmutation 
reactions  will  alter  the  purity  of  insulators  in  a fusion  reactor  over  a peri- 
od of  time.  The  variation  in  conductivity  with  dose  rate  is  reviewed  in  more 
detail  by  Clinard  [1979]  and  by  Pells  [1986] . More  information  on  conduction 
mechanisms  in  ceramics  may  be  found  in  Tuller  [1986]. 
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Figure  11.1.1.  Schematic  occupancy  by  electrons  of  allowed  energy  bands  in  an 
insulator  and  a metal. 


336 


ELECTRICAL  CONDUCTIVITY,  (Q-mr 


10"® 


_ 10"^ 


10"® 


10"* 


10-’® 


10"” 


0 


Figure  11,1 
irradiation 


Alumina  Irradiation  (e;  n) 

(Single  Crystal)  Various  Temps. 


o e,  7x10^  Gy/s,  24  ppm  Cr 

• e,  7x10^  Gy/s,  24  ppm  Cr 

□ n,  7x10^  Gy/s 

■ n,  7x10^  Gy/s 

_J I I I I I 

0.5  1.0  1.5  2.0  2.5  3.0  3.5 

ioVtemperature,  k 


.2.  The  RIC  of  single-crystal  AI2O3  for  electron  and  neutron 
Data  from  Klaffky  et  al . [citation  in  Clinard,  1979], 


337 


Ions,  as  well  as  electrons  and  holes,  contribute  to  the  bulk  conductivity  in 
insulators.  Two  ceramics  reviewed  in  this  report,  AI2O3  and  Zr02 , exhibit  at 
least  some  ionic  conduction,  in  addition  to  that  of  electronic  charge  carri- 
ers. The  fraction  of  conductivity  due  to  ions  may  become  more  significant  as 
the  temperature  rises  [citations,  Clinard,  1979].  Under  dc  fields,  separation 
of  anionic  and  cationic  species  occurs,  causing  serious  degradation  (elec- 
trolysis) . Since  diffusivity  is  enhanced  by  irradiation,  electrolysis  will 
be  accelerated  in  a neutron  flux.  However,  electrolysis  should  be  much  less 
significant  at  cryogenic  temperatures. 

Electrical  breakdown  of  insulators  occurs  by  either  the  thermal  or  avalanche 
mechanism.  In  the  thermal  mechanism,  operative  above  -450  K,  Joule  heating 
arises  from  a small  current  flow  and  conductivity  accelerates  to  breakdown. 

In  the  avalanche  mechanism,  seen  below  -450  K,  ionization  and  multiplication 
from  electron  collision  causes  the  "avalanche"  breakdown.  Radiation  can  fill 
traps  with  charge  carriers  which  are  then  available  as  avalanche  collision 
targets  [Clinard,  1979].  Even  without  irradiation,  when  an  insulator  is  ex- 
posed beyond  a critical  voltage  gradient,  or  electric  field,  a steady  state 
does  not  result.  Instead,  after  a certain  incubation  time,  a distinct  in- 
crease in  the  current  may  occur,  leading  often  to  delayed  dielectric  break- 
down. Therefore,  a time  period  of  operation,  as  well  as  the  voltage  gradient, 
must  be  specified  for  safe  operation  [Heidinger,  1991] . 

In  the  remainder  of  this  section,  experimental  results  on  several  related 
topics  will  be  reviewed:  radiation- induced  conductivity  (RIC)  due  to  both 
ionization  and  displacement  damage,  electrolysis,  and  degradation  of  the 
breakdown  voltage.  Since  all  experiments  were  carried  out  at  ambient  tem- 
perature or  above,  the  consequences  for  4-K  irradiation  of  insulators  are 
speculative,  at  present.  For  example,  Banford  [1984]  suggested  that  at  very 
low  temperatures  much  of  the  charge  generated  from  electron-hole  pairs  created 
by  both  ionizing  and  displacive  radiation  would  become  trapped,  owing  to  re- 
duced carrier  mobilities.  The  result  could  be  a frozen- in  space  charge.  This 
space  charge  would  cause  field  distortion  and  intensification  at  the  cathode 
of  an  applied  field,  which  would  result  in  increased  collisional  ionization 
and  further  field  distortion  and  intensification.  Finally,  the  insulator 
could  be  destroyed  by  massive  electron  emission  from  the  cathode  caused  by 
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an  enhanced  field  strength.  The  type  of  irradiation  experiments  undertaken  so 
far  would  not  detect  this  phenomenon,  because  the  4-K  electrical  breakdown  was 
not  measured  under  field,  in  situ. 

11.2.  INVESTIGATIONS  OF  RADIATION- INDUCED  CONDUCTIVITY 

A number  of  investigations  have  indicated  that  both  ionization  and  displace- 
ment damage  contribute  to  the  total  RIC.  For  example.  Figure  11.2.1  shows  a 
somewhat  greater  increase  in  the  conductivity  of  polycrystalline  AI2O3  when 
the  irradiation  species  is  protons,  instead  of  X-rays,  although  equivalent 
dose  rates  were  not  used  [Pells,  1986].  The  response  of  the  RIC  to  the  dose 
rate  is  usually  described  by 

a = KR^  + CTq,  (11.1) 

where  R is  the  dose  rate  and  5 is  obtained  from  a log/log  plot  of  the  conduc- 
tivity versus  the  ionization  dose  rate.  The  behavior  of  8 with  the  tempera- 
ture of  irradiation  shows  a difference  between  proton  and  X-ray  irradiation 
(Figure  11.2.2),  although  the  proportionality  constant,  K,  did  not  differ, 
within  the  considerable  scatter.  However,  Shikama  et  al . [1992a]  found  that 
similarity  between  7 and  neutron  irradiation  was  displayed  in  the  log/log  plot 
used  to  determine  6 at  one  temperature  (Figure  11.2.3).  The  data  of  Shikama 
et  al.  pertain  to  irradiation  of  Al203_,  at  about  600  to  630  K. 

The  constant  of  proportionality,  K,  in  Equation  (11.1)  was  measured  by  Pells 
and  found  to  decrease  significantly  below  400°C  (Figure  11.2.4).  The  decrease 
appeared  to  level  off  below  about  50°C,  however;  this  could  indicate  persis- 
tence of  an  effect  below  ambient  temperatures,  into  the  cryogenic  temperature 
range . 

By  varying  the  voltage  used  in  electron  irradiation  of  AI2O3 , Hodgson  [1991] 
could  irradiate  above  and  below  the  displacement  threshold  for  AI2O3  (-0.40 
MeV;  see  also  §§1.2.2  and  2.1).  Part  4 of  the  curve  shown  in  Figure  11.2.5 
pertains  to  irradiation  at  0.30  MeV,  and  no  decrease  in  conductivity  was 
observed,  which  indicates  that  displacement  damage  is  necessary  for  an  RIC 
effect.  All  results  shown  in  this  figure  were  obtained  at  or  slightly  below 
the  rather  high  dose  rate  of  10^  Gy/h,  at  500°C.  Reducing  the  ionizing  dose 
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Figure  11.2.1.  Increase  of  DC  conductivity  of  polycrystalline  AI2O3  after  20- 
MeV  proton  and  X-ray  irradiation.  Data  from  Pells  [1986]. 
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Figure  11.2.2.  The  dose  rate  exponent,  5,  for  proton  and  X-ray  irradiation  of 
polycrystalline  AI2O3.  Data  from  Pells  [1986]. 
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Figure  11.2.3,  The  RIC  vs.  ionization  dose  rate  for  7 (®°Co)  and  reactor 
irradiation  of  single-crystal  AI2O3.  Data  from  Shikama  et  al.  [1992a]. 
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Figure  11.2.4.  The  constant,  K,  for  RIC  of  polycrystalline  AI2O3  vs. 
temperature.  Data  from  Pells  [1986]. 
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Figure  11.2.5.  Increasing  base  conductivity,  Iq,  in  single -crystal  AI2O3  for 
different  electron  irradiation  conditions.  Data  from  Hodgson  [1991]. 
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rate  also  affected  the  base  current  or  conductivity.  These  results  indicate 
that  both  displacive  and  ionizing  radiation  affect  the  RIC,  and  that  concur- 
rence of  both  radiation  types  is  necessary  for  the  effect.  This  is  analogous 
to  the  growth  of  colloids  in  alkali  halides,  according  to  Hodgson,  indicating 
that  the  mechanism  involves  diffusion  of  both  radiation- enhanced  vacancies  and 
lattice  ions.  Pells  explained  that  the  effect  of  exposure  to  ionizing  radia- 
tion was  to  produce  electron-hole  pairs  by  exciting  electrons  from  the  valence 
band  into  the  conduction  band  (Figure  11.1.1).  An  Al  vacancy  is  a good  candi- 
date for  a hole- trapping  center,  and  the  dependence  of  S upon  temperature  for 
proton  (displacive)  irradiation  can  be  explained  by  a consideration  of  energy 
levels  available  at  the  defect. 

Although  the  RIC  is  affected  by  both  ionizing  and  displacive  radiation,  only 
data  on  the  effect  of  ionizing  radiation  were  found  for  Si02,  10  mol%  Y2O3- 
Zr02,  Zr02  and  mica  in  the  literature  survey.  Figure  11.2.6  presents  data  on 
the  resistivity  of  Si02- insulated  cable  (18%  compaction);  Figure  11.2.7  shows 
comparative  data  for  MgO- insulated  cable  (80%  compaction) . Both  types  of 
cable  were  exposed  to  2.6  x 10^  R/h  at  the  temperatures  indicated  [Cannon, 
1982].  Although  MgO  gave  superior  breakdown  voltage  thresholds,  Si02  con- 
sistently had  insulation  resistance  one  or  two  decades  higher.  Cable  of  AI2O3 
was  expected  to  perform  similarly  to  the  MgO  cable. 

Figure  11.2.8  presents  the  dc  electrical  conductivity  of  10  mol%  Y203-Zr02 
before  and  after  a y dose  of  5.3  x 10^  Gy  [Abou  Sekkina  et  al . , 1987].  The 
porosity  of  the  sintered  specimens  was  about  26%.  Figure  11.2.9  shows  the 
increase  in  electrical  conductivity  of  monoclinic,  sintered  Zr02  for  increas- 
ing doses  of  7 irradiation  [Tawfik  et  al.,  1985]. 

Several  forms  of  mica,  including  natural  mica  (type  not  specified),  silicone- 
impregnated  mica  mat,  synthetic  mica,  and  reconstituted  mica  paper  were  irra- 
diated with  electrons  in  air  of  variable  humidity  [Bradley  et  al . , 1959]. 

None  showed  significant  increases  in  induced  conductivity  at  doses  up  to  -6  x 
10^  Gy.  Generally,  the  25-°C  conductivities  were  -10“^^  (£l*cm)“^. 
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Figure  11.2.6.  Si02  cable  insulation  resistivity  vs.  temperature  before  and 
during  a 7 flux  of  2.6  X 10^  R/h.  (Converted  to  m from  fi-ft,  assuming 
n-milft  was  not  the  intended  unit).  Data  from  Cannon  [1982]. 
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Figure  11.2.7.  MgO  cable  insulation  resistivity  vs.  temperature  before  and 
during  a y flux  of  2.6  x 10®  R/h.  (Converted  to  m from  fi-ft,  assuming 
n-mil-ft  was  not  the  intended  unit).  Data  from  Cannon  [1982]. 
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ELECTRICAL  CONDUCTIVITY,  (n-m)" 
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Figure  11.2.8.  DC  electrical  conductivity  of  10  mol%  Y203-Zr02  vs.  tempera- 
ture before  and  after  a y dose  of  5.3  x 10^  Gy.  Data  from  Abou  Sekkina  et  al. 
[1987]  . 
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Figure  11.2.9.  DC  electrical  conductivity  of  monoclinic,  unstabilized  Zr02 
vs.  temperature  before  and  after  several  7 radiation  doses.  Data  from  Tawfik 
et  al.  [1985] . 
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11.3.  INVESTIGATIONS  OF  FIELD-INDUCED  DEGRADATION 


Figure  11.3.1,  from  the  investigation  by  Hodgson  [1991]  described  above,  shows 
a decrease  in  activation  energy,  as  measured  by  the  temperature  dependence  of 
the  base  conductivity,  Oq.  This  increase  in  the  base  conductivity  was  main- 
tained after  irradiation;  therefore,  there  was  no  recovery.  Since  the  primary 
displacement  damage  was  calculated  to  be  low,  -2  x 10“^  dpa,  the  degradation 
was  attributed  to  the  presence  of  an  electric  field,  and  subsequent  radiation- 
enhanced  electrolysis,  rather  than  to  structural  damage  from  atomic  displace- 
ments. Hodgson  [1991]  also  reported  that  when  AI2O3  was  irradiated  with 
1.8-MeV  electrons  at  10^  Gy/h  at  450°C,  but  with  no  electric  field,  no  post- 
irradiation degradation  was  observed  [Hodgson,  1989].  He  also  cited  inves- 
tigations that  showed  that  neutron  irradiation  without  an  electric  field 
decreased  the  RIG  but  that  neutron  irradiation  with  an  applied  field  markedly 
increased  the  RIG  [Ivanov  et  al . , 1981].  Figure  11.3.2  shows  this  conduc- 
tivity increase  in  plasma- deposited  AI2O3  and  MgAl204  as  a function  of  neutron 
fluence  at  about  700  K.  The  electric  field  during  the  measurements  has  been 
inferred  to  be  10  to  20  kV/m  (or,  10  to  20  V/mm)  [Pells,  1990]. 

Hodgson  [1989]  showed  that  electric  - field  dependent  breakdown  had  not  been 
reported  previously,  owing  to  shorter  periods  of  observation.  Since  RIG  ap- 
pears to  be  an  enhancement  of  thermal  effects,  and  since  several  ceramic  insu- 
lators were  shown  to  break  down  only  after  -100  h at  temperatures  above  1000° G 
(MgO,  AI2O3,  MgAl204)  and  200°G  (porcelain)  [citations,  Glinard  et  al.,  1983], 
Hodgson  carried  out  prolonged  measurements . The  results  for  AI2O3  and  MgO  at 
450°G  and  0.13  kV/mm  are  shown  in  Figure  11.3.3.  MgO  seems  to  exhibit  the 
approximately  exponential  increase  in  conductivity  at  a much  earlier  time  than 
AI2O3,  which  is  expected  because  of  the  somewhat  greater  resistance  of  AI2O3  to 
thermal  breakdown  above  1000°G.  (Single -crystal  AI2O3  withstands  10  kV/mm  at 
1000°G  for  over  100  h [Weeks  et  al . , 1978].)  The  dose  rate  of  10^  Gy/h  is 
very  much  higher  than  that  expected  in  the  TF  magnets;  however,  a lower  dose 
rate  of  5.7  x 10^  Gy/h  simply  postponed  the  onset  of  the  breakdown  process. 
Strictly,  the  exponential  growth  of  conductivity  is  defined  as  a precursor 
stage  before  actual  electrical  breakdown  occurs. 
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ioVtemperature,  k 


Figure  11.3.1.  Base  conductivity,  ag,  in  AI2O3  for  773-K  electron 
irradiation,  indicating  change  in  activation  energy,  E^.  Data  from  Hodgson 
[1991] . 
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ELECTRICAL  CONDUCTIVITY,  (n-m)" 


FAST  NEUTRON  FLUENCE, 


Figure  11.3.2.  Increase  of  electrical  conductivity  of  AI2O3  and  MgAl204,  under 
neutron  irradiation  and  electric  field.  Data  from  Ivanov  et  al.  [1981] . 
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Figure  11.3.3.  The  RIC  and  onset  of  electrical  breakdown  for  AI2O3  and  MgO  at 
723  K.  Data  from  Hodgson  [1989]. 
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Hodgson  [1991]  has  related  the  dose  rate  and  temperature  dependence  of  his 
results  to  the  growth  of  colloids  in  alkali  halides.  Impurities  also  play  a 
role  in  the  degradation,  since  radiation  enhances  their  diffusion,  and  the 
less  pure  MgO  showed  a different  value  of  S (Figure  11.3.4).  The  use  of  high- 
ly pure  materials  may  not  provide  a solution,  however,  owing  to  the  increasing 
impurity  content  from  transmutation  products  during  neutron  irradiation.  For 
example,  Na  is  an  important  transmutation  product  of  Al  that  enhances  the 
electrical  conductivity  of  AI2O3. 

At  first  it  was  thought  that  electric -field  dependent  breakdown  occurred  only 
under  highly  ionizing  irradiation.  However,  Shikama  et  al.  [1992b]  reported 
radiation- induced  electrical  degration  (RIED)  in  AI2O3  at  temperatures  of  600 
to  800  K,  under  fission-reactor,  rather  than  electron,  irradiation.  Figure 
11.3.5  shows  the  effect  of  a dc  field  of  500  V/mm  on  the  conductivity  at  700 
to  800  K.  Since  two  identical  specimens  were  irradiated  (one  without  an 
applied  field) , it  was  hoped  that  spurious  effects  were  largely  eliminated. 
Precautions  were  taken  to  improve  the  vacuum  and  electrical  insulation  of  the 
specimens.  This  work  corroborated  that  of  Hodgson,  who  claimed  that  the  ap- 
plication of  a voltage  was  necessary  for  the  observation  of  RIED.  It  also 
indicated  that  the  effect  does  not  require  electron  irradiation,  but  will  take 
place  in  a fission-reactor  irradiation  environment.  (This  was  indicated  ear- 
lier by  the  work  of  Ivanov  et  al.  [1981],  but  was  not  recognized  until  later.) 
There  were  quantitative  disagreements  between  the  work  of  Shikama  et  al.  and 
of  Hodgson  in  the  total  doses  at  which  the  phenomenon  occurred  and  in  the 
dependence  upon  irradiation  time.  If  the  electrical  conductivity,  o,  was 
expressed  as  a oc  t“,  where  t represents  irradiation  time,  Shikama  et  al.  ob- 
served n - 0.5  to  0.8,  whereas  Hodgson  observed  n - 4 to  5.  The  latter  values 
agree  with  the  growth  rate  of  colloids  in  alkali  halides,  but  the  lower  values 
agree  with  the  power  dependence  of  colloid  growth  observed  with  HVEM  irra- 
diation on  AI2O3  (§2.1).  The  ratio  of  ionization  dose  rate  to  displacement 
damage  rate  is  much  larger  for  electron  irradiation  than  for  neutron  irradi- 
ation (Table  1.2.7),  which  may  explain  some  of  the  differences  in  observations 
between  the  two  groups.  The  differences  are  related  to  the  mechanism  and  tem- 
perature dependence  of  the  effect:  if  colloid  formation  is  necessary,  and  if 
AI2O3  is  similar  in  this  respect  to  alkali  halides,  where  temperatures  in  the 
range  of  700  to  1000  K may  be  necessary  for  the  effect,  then  RIED  should  not 
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Figure  11.3.4.  Change  of  6 with  temperature  and  impurity  level  in  MgO.  Data 
from  Hodgson  and  Clement  [1988]. 
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Figure  11.3.5.  Electrical  conductivity  of  AI2O3  vs.  reactor  time,  with  and 
without  an  electric  field  (500  V/mm).  Data  from  Shikama  et  al.  [1992b]. 
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be  expected  at  lower  temperatures.  However,  Hodgson  also  showed  that  dis- 
placement damage  was  necessary  to  RIED,  and  this  should  be  more  severe  at  4 K 
for  a given  f luence . A field- enhanced  increase  in  the  vacancy- interstitial 
production  rate  or  decrease  in  the  recombination  rate  was  hypothesized  to 
facilitate  the  nucleation  and  growth  of  colloids  and  to  explain  the  field 
effect.  Both  an  increase  in  vacancy  production  and  a decrease  in  recombina- 
tion rate  would  occur  at  4 K,  even  without  the  presence  of  an  electric  field. 

Pells  [1991]  reviewed  references  showing  that  at  temperatures  above  lOOO'C,  a 
number  of  refractory  oxides  exhibited  increases  in  conductivity  and  eventual 
breakdown  when  exposed  to  fields  -100  V/mm.  However,  in  contrast  to  the  data 
shown  above  in  Figure  11.3.1,  the  activation  energy  did  not  change,  even  near 
breakdown,  and  if  the  field  was  removed  before  breakdown,  the  samples  com- 
pletely recovered  their  original  dc  conductivity.  This  process  is  known  as 
solid-state  electrolysis.  But,  the  addition  of  radiation  to  this  process 
lowers  the  temperature  of  breakdown  significantly,  and  the  increase  in  con- 
ductivity is  permanent  and  cannot  be  reduced  by  annealing  to  temperatures  up 
to  650°C.  Furthermore,  as  discussed  below,  a new  conductivity  mechanism  is 
introduced,  that  of  electronic  conductivity. 

In  a review  of  various  RIED  observations,  Zinkle  and  Hodgson  [1992]  stated 
that  the  effect  has  been  reported  at  temperatures  as  low  as  573  K to  somewhat 
below  the  700  to  1000  K range,  and  that  it  occurs  for  damage  levels  of  only 
10“^  to  10“^  dpa.  They  noted  that  Pells  [1991]  also  found  a greatly  reduced 
activation  energy  for  the  conductivity,  in  some  cases,  <0.1  eV,  which  implies 
that  the  mechanism  involves  electronic,  rather  than  ionic,  conductivity.  The 
mobility  of  ions  affects  the  ionic  conductivity  and  decreases  at  lower  tem- 
peratures, but  electron  mobility  would  not  be  as  temperature -dependent.  Fig- 
ure 11.3.6  from  Hodgson  and  Clement  [1988]  shows  the  RIC  in  single-crystal  MgO 
at  a relatively  low  temperature  of  287  K.  Zinkle  and  Hodgson  [1992]  also  re- 
viewed degradation  of  the  dielectric  loss  tangent  and  thermal  conductivity  in 
ceramics  at  low  temperatures  and  at  a damage  levels  of  -10“^  to  10~^  dpa.  On 
page  64  they  state  "There  does  not  appear  to  be  a strong  incentive  for  operat- 
ing ceramics  at  cryogenic  temperatures  for  damage  levels  >10~^  dpa  unless  in 
situ  anneals  can  be  performed,  due  to  the  higher  degradation  rates  in  the 
thermal  conductivity  and  loss  tangent  at  low  temperatures."  Klaffky  [1980] 
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Figure  11.3.6.  The  RIC  at  287  K in  single-crystal  MgO.  Data  from  Hodgson  and 
Clement  [1988]. 
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cited  observations  of  a decrease  in  the  electrical  breakdown  strength  of  AI2O3 
below  450  K at  an  ionizing  dose  rate  of  only  5 Gy/s. 

Figure  11.3.7  from  Hodgson  [1992b]  shows  a voltage  threshold  effect  for  RIED 
of  about  50  V/mm  in  AI2O3.  The  field  threshold  for  the  RIED  effect  has  been 
shown  to  be  as  low  as  19  V/mm,  but  longer  irradiation  times  before  breakdown 
were  required  for  lower  fields,  as  Figure  11.3.8  indicates  [Hodgson,  1992a, b] . 
The  process  occurs  from  dc  to  at  least  126  MHz. 

Pells  [1990,  1991]  compared  the  response  of  polycrystalline  MgAl204  and  AI2O3 
to  18-MeV  proton  irradiation  at  temperatures  from  200  to  500*C  in  an  electric 
field  of  0.5  kV/mm.  This  field  is  about  half  that  expected  at  the  ITER  TF 
magnet  (Table  1.1.1).  The  ionization  dose  rate  was  5 x 10^  Gy/s  and  the  dis- 
placement damage  rate  was  ~10~®  dpa/s . The  total  irradiation  time  for  each 
sample  was  —100  h,  giving  an  ionization  dose  of  about  1.8  x 10^°  Gy  and  3.6  x 
10“^  dpa.  Figure  11.3.9  for  polycrystalline  MgAl20^  indicates  that  the  phenom- 
enon of  increased  conductivity  occurs  for  an  irradiation  temperature  as  low  as 
200°C  (however,  the  measurements  were  complicated  by  annealing  at  a higher 
temperature);  Figure  11.3.10  for  polycrystalline  AI2O3  indicates  the  existence 
of  a threshold  temperature  for  REID  of  between  400  and  500°C.  The  figures 
also  indicate  that  ionization  doses  of  -10^  Gy  are  required  for  conductivity 
increases.  These  thresholds  have  not  yet  been  reproduced  with  other  irradia- 
tion sources.  Thresholds  for  oxides  having  different  impurity  levels  and  other 
sources  of  material  variability  have  also  not  been  established.  Investiga- 
tions of  RIED  have  been  limited  to  ceramic  oxides,  at  present  [Zinkle  and 
Hodgson,  1992].  The  data  in  Figures  11.3.9  and  11.3.10  indicate  that  the 
threshold  temperature  for  an  efffect  measured  with  18-MeV  protons  is  higher 
for  AI2O3  than  it  is  for  MgAl204 . In  studies  performed  at  high  temperatures, 
but  without  irradiation,  AI2O3  also  showed  superior  resistance  to  electrical 
field  breakdown  when  compared  with  MgO  and  MgAl20^  [citation,  Pells,  1991]. 
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Figure  11.3.7.  DC  base  conductivity  after  electron  irradiation  of  2 x 10^  Gy 
at  723  K,  vs.  field.  Data  from  Hodgson  [1992b]. 
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Figure  11.3.8.  Electrical  degradation  of  AI2O3,  as  indicated  by  sample 
current,  following  electron  irradiation  for  times  and  voltages  indicated.  The 
highest  field  corresponds  to  133  V/mm.  Data  from  Hodgson  [1992a] . 
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ELECTRICAL  CONDUCTIVITY,  (a-m)" 


IONIZATION  DOSE,  Gy 


Figure  11.3.9.  The  intrinsic  electrical  conductivity  of  MgAl204  vs. 
ionization  dose  from  18-MeV  protons,  after  irradiation  at  indicated 
temperatures.  Data  from  Pells  [1990]. 
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ELECTRICAL  CONDUCTIVITY,  (Q-m)" 
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Figure  11.3.10.  The  intrinsic  electrical  conductivity  of  AI2O3  vs.  ionization 
dose  from  18-MeV  protons,  after  irradiation  at  indicated  temperatures.  Data 
from  Pells  [1990] . 
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12.  COMPARATIVE  EVALUATION  OF  INSULATORS;  CONCLUSIONS 


Data  on  the  in  situ  compressive  strength  and  electrical  breakdown  strength  of 
insulators  after  a fusion  fast  neutron  fluence  of  lO^^/rn^  at  4 K are  needed 
for  the  design  of  the  ITER  TF  magnets;  however,  such  data  were  not  found  in  an 
extensive  literature  search  on  the  inorganic  insulators  AI2O3,  AIN,  MgO,  por- 
celain, Si02,  MgAl204,  Zr02,  mica,  and  Macor.  The  existing  cryogenic  irra- 
diation data,  though  very  sketchy,  indicate  that  considerable  thermal  recovery 
of  displacement  defects  occurs  at  300  K,  so  that  4-K  irradiation  damage  can 
be  indicated  to  a first  approximation  by  results  from  an  ambient- temperature 
fluence  about  a factor  of  100  higher.  There  is  evidence,  however,  that  the 
predominant  type  of  defect  created  at  4 K in  a ceramic  oxide  may  differ  from 
that  created  at  ambient  temperature  ( [Atobe  and  Nakagawa,  1987],  §2.1)  and 
that  host  ion  or  neutron  amorphization  of  ceramic  oxides,  while  nearly  im- 
possible at  300  K,  occurs  readily  at  77  K ( [McHargue  et  al . , 1986],  §§1.3, 
2.3).  Therefore,  a factor  of  100  may  not  be  sufficiently  conservative.  Also, 
usually  only  properties  measured  at  ambient  temperature  are  available  for  com- 
parison, rather  than  4-K  properties,  which  may  differ  significantly.  Never- 
theless, to  provide  guidance  for  downselection  of  the  materials  reviewed,  the 
following  four  sections,  12.1,  12.2,  12.3,  and  12.4,  summarize  their  ambient- 
temperature  defect  densities,  changes  in  volume,  degrees  of  amorphization, 
and  retained  mechanical  strengths  after  an  ambient  fast  neutron  fluence  of 
-10^^/m^.  Section  12.5  applies  these  results  to  material  downselection,  and 
§12.6  presents  the  case  for  using  ion  simulation  for  further  4-K  research, 
given  that  4-K  neutron  irradiation  sources  are  scarce,  and  difficult  to  ac- 
cess. Section  12.7  briefly  reviews  the  few  results  on  the  radiation  resis- 
tance of  hybrid  insulations  and  §12.8  summarizes  evidence  for  the  degradation 
of  the  electrical  breakdown  strength  when  an  electric  field,  and  both  ionizing 
and  displacive  radiation,  are  simultaneously  present. 

12.1.  COMPARISON  OF  DEFECT  DENSITIES 

Most  of  the  data  on  defect  density  were  generated  from  indirect  optical  mea- 
surements that  chiefly  detect  anion  (0)  vacancies,  but  require  the  trapping 
of  electrons  at  the  vacancy  site.  Although  Equation  (2.1)  can  be  used  to 
calculate  the  volume  concentration  of  defects  from  optical  absorption  data. 
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comparison  of  defects  in  different  insulators  by  this  technique  cannot  be  done 
with  complete  accuracy,  because  of  the  requirement  for  electron  trapping, 
which  may  not  occur  with  equal  probability  in  different  materials.  Impurity 
levels  are  also  influential  in  stabilizing  some  types  of  defects.  Further- 
more, although  in  situ  optical  absorption  measurements  are  relatively  easy 
to  perform  at  cryogenic  temperatures,  compared  to  mechanical  and  electrical 
property  measurements,  systematic  studies  have  not  been  carried  out  for  most 
materials  of  interest.  However,  the  creation  of  defects  in  AI2O3  at  77  and 
300  K has  been  investigated;  before  saturation,  about  30  times  more  defects 
were  created  at  77  K for  the  same  N-ion  fluence  [Pells  and  Murphy,  1992]. 

(See  also  §§1.3  and  2.1  for  related  investigations.) 

For  ambient  temperature  irradiation  and  measurement.  Table  12.1.1  compares  the 
information  retrieved  in  the  literature  search.  An  attempt  was  made  to  ex- 
trapolate the  results  to  a fast  neutron  fluence  of  10^^/m^,  since  the  data  are 
at  ambient  temperature,  and  this  may  predict,  very  roughly,  the  number  of  such 
(detectable)  defects  that  would  remain  after  a fusion  fast  neutron  fluence  of 
10^^/m^  at  4 K.  The  data  for  quartz  were  obtained  with  EPR  techniques. 


Table  12.1.1.  Comparison  of  Defect  Densities  after  Ambient  Fast 
Neutron  Fluence  of  10^^/m^. 


INSULATOR 

DEFECTS/cm^ 

BASIS;  COMMENTS 

AI2O3 

-7  X 1020 

Atobe  and  Nakagawa  [1987] , ambient- tempera- 
ture , surviving  defects  from  15-K  irradiation, 
extrapolation  from  lO^^/m^ 

AIN 

MgO 

-2  X 10^^ 

Henderson  and  Bowen  [1971],  Figure  4.1.1 
Extrapolation,  Chen  et  al.  [1975],  Figure 

4.1.4 

Porcelain 

— 

Vitreous  Si02 

Quartz 

3 X 10^5 

Extrapolation  from  3 x lO^^/m^;  Shamfarov  and 
Smirnova  [1963],  Shamfarov  [1967] 

MgAl204 

Zr02 

-IQi" 

Estimate,  Harrop  et  al.  [1967] 

Mica 

— 

— 
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Only  three  of  the  materials  under  consideration  can  be  quantitatively  com- 
pared: AI2O3,  MgO,  and  quartz.  Although  AI2O3  has  the  largest  number  of 
defects,  this  number  may  be  inaccurate,  because  it  was  obtained  from  linear 
extrapolation  to  the  target  fluence  of  defects  created  at  15  K by  a fluence  3 
orders  of  magnitude  smaller.  The  smaller  defect  densities  in  MgO  and  quartz 
were  obtained  by  other  methods.  Therefore,  the  available  data  on  defect  den- 
sity at  present  do  not  furnish  a basis  for  material  downselection.  Such  mea- 
surements have  chiefly  been  useful  in  indicating  that  a greater  number  of 
defects  survive  irradiation  at  cryogenic,  rather  than  ambient  temperatures. 
Measurements  of  the  defect  density  have  also  quantified  the  difference  in 
numbers  of  defects  created  by  fission  neutrons  and  14-MeV  neutrons  (§2.1), 
although  recovery  processes  probably  obliterated  part  of  this  difference, 
and  the  experiments  should  be  repeated  with  4-K  irradiation  and  in  situ 
measurements . 

Note  also  that  compressive  strength  measurements  were  made  and  correlated  with 
defect  density  only  for  MgO,  and  only  at  ambient  temperature,  where  consider- 
able recovery  is  expected.  Yet,  the  onset  of  brittle  behavior  occurred  at  a 
defect  density  of  only  -3  x lO^Vcm^  [McGowan  and  Sibley,  1969] . This  is  an 
order  of  magnitude  below  the  defect  densities  of  -2  or  3 x 10^^/cm^  expected 
at  the  ITER  TF  magnet,  based  on  Table  12.1.1.  The  brittle  behavior  corre- 
sponds to  a dpa  of  only  about  2.8  x 10“^,  since  there  are  about  1.07  x 10^^ 
atoms/cm^  in  MgO.  [N(atoms/cm^)  = N(Avogadro) • (p/M) • (No . of  atoms/molecule) , 
where  M is  the  molecular  mass].  The  dpa  at  the  TF  magnets  has  been  estimated 
above  as  between  10“^  to  10“^,  based  on  published  for  AI2O3  (Table  1.2.3, 

§1.2.1). 

12.2.  COMPARISON  OF  VOLUME  CHANGES 

Volume  change,  or  swelling  after  irradiation,  has  not  been  measured  at  cryo- 
genic temperatures.  Pells  and  Murphy  [1992]  compared  swelling  after  Ne-ion 
irradiation  at  200  K with  that  at  higher  temperatures,  and  found  a consider- 
able increase  (Figure  1.3.8).  However,  the  swelling  measurements  on  the  spec- 
imens were  made  at  ambient  temperature,  and  the  lowest  irradiation  temperature 
was  still  far  above  4 K.  The  large  number  of  volume  and  density  measurements 
at  ambient  temperature,  afrer  ambient  irradiation,  do  permit  a comparison  of 
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the  radiation  resistances  of  the  insulators  in  this  survey.  To  obtain  the 
values  for  volume  changes  in  Table  12.2.1,  measurements  were  extrapolated  or 
interpolated  to  a fast  neutron  fluence  of  lO^^'/m^.  On  the  basis  of  the  data 
in  this  table,  either  MgAl204  or  AI2O3  would  be  preferred,  because  of  their 
lower  amount  of  volume  change.  Data  at  14  MeV,  but  at  lower  fluences  (Fig- 
ure 2.2.2),  indicate  a lower  swelling  of  MgAl204  than  of  AI2O3  for  the  same 
fluence.  Also,  the  swelling  in  MgAl204  is  isotropic,  eliminating  the  possi- 
bility of  grain  boundary  decohesion  in  the  polycrystalline  form,  as  may  occur 
in  AI2O3.  However,  Figure  2.2.7  indicates  that  decohesion  should  not  be  a 
problem  until  fairly  high  fluences  are  reached,  at  least  for  material  of  low 
porosity. 


Table  12.2.1.  Comparison  of  Volume  Changes  after  Ambient  Irradiation 
to  a Fast  Neutron  Fluence  of  10^^/m^. 


INSULATOR 

AV/V,  % 

BASIS;  COMMENTS 

AI2O3 

0.35 

Figure  2.8.8,  lowest  irradiation  temperature 
(70  to  90“C) 

AIN 

0.7 

Figure  3.2.2,  lowest  irradiation  temperature 
(75  to  100°C) , summation  of  lattice  expansion 

MgO 

0.75  ± 0.2 

Figures  4.2.1,  4.2.2,  lowest  irradiation  tem- 
perature (45'’C)  , extrapolated.  Figure  4.2.5 
(summary  plot) 

Porcelain 

0.6  ± 0.3 

4 X lO^Vm^  (E  > 100  eV)  (Table  5.1.1)* 

Vitreous 

Si02 

3 

Figures  6.2.2,  6.2.4 

Quartz 

11 

Figures  6.2.3,  6.2.4 

MgAl20, 

0.04 

(2xl022n/m2) 

0.8 

(2xl026n/ni^) 

§7.2 

Zr02 

0.28,  a axis 

stabilized?  Klein  [1955] 

Mica 

>7 

Figure  9.2.2  (interpolation;  epithermal  flu- 
ence) 

* Comparable  expansions  from  this  table  were  1%  for  single -crystal  AI2O3 
(50%  higher  fluence);  —1.2%  for  vitreous  Si02;  0 for  MgAl204;  14%  for  mica. 
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12.3.  COMPARISON  OF  FLUENCES  REQUIRED  FOR  AMORPHIZATION 


As  Table  12.3.1  indicates,  it  is  difficult  to  make  comparisons  on  the  basis 
of  existing  information,  or  to  obtain  absolute  values  of  the  neutron  fluences 
required  for  amorphization,  even  at  ambient  temperature.  Much  of  the  data 
were  obtained  by  ion  irradiation, at  ambient  temperature,  but  the  investiga- 
tions of  McHargue  et  al.  [1986]  on  AI2O3  (§§1.3,  3.2)  showed  that  achievement 
of  amorphization  at  300  K was  difficult,  owing  to  recovery,  and  depended  upon 
ion  chemical  and  size  effects  to  stabilize  the  damage.  McHargue  et  al . were 
apparently  unable  to  amorphize  AI2O3  at  300  K with  Al  ions , although  both  Al 
and  0 were  effective  at  77  K,  where  recovery  was  less  pronounced.  (Ion  flu- 
ences of  4 and  6 x 10^°/m^  amorphized  AI2O3  at  77  K;  the  threshold  fluence  was 
apparently  not  determined.)  In  the  case  of  Cr-ion  irradiation,  where  300-K 
amorphization  has  been  reported,  McHargue  et  al.  found  that  the  fluence  re- 
quired at  77  K was  about  200  times  smaller  than  that  needed  at  300  K.  There- 
fore, the  data  in  Table  12.3.1  must  be  treated  with  caution,  in  regard  to 
predicting  the  4-K  fluence  necessary  for  amorphization.  Attempting  to  amor- 
phize a ceramic  oxide  with  a neutron  fluence  at  ambient  temperatures  (or, 
above)  is  similar  to  attempting  to  amorphize  it  with  host  atom  ions,  since 
it  is  the  PKAs  produced  by  the  incident  neutrons  that  do  the  actual  damage. 

At  ambient  temperature,  the  apparent  relative  order  of  stability  against 
irradiation- induced  amorphization  is: 

MgO,  MgAl20^  > AI2O3  > Si02,  mica  > porcelain. 

This  ordering  is  based  upon  relative  comparisons  given  in  Table  12.3.1.  See 
§§4.3  and  9.4  for  more  details  of  the  investigations.  The  covalently  bonded 
AlN  is  evidently  more  resistant  to  neutron  amorphization  than  quartz,  but  its 
relative  stability  with  regard  to  the  other  ceramic  oxides  is  unclear.  Highly 
pure,  single-crystal  Zr02  (monoclinic)  is  apparently  more  stable  than  quartz, 
but  natural  and  Y203-stabilized  Zr02  have  been  shown  to  transform  readily 
(§8.4).  The  highly  pure  form  of  Zr02  is  probably  very  costly  and  may  have 
poor  mechanical  properties,  since  it  is  in  the  monoclinic  form,  rather  than 
the  cubic,  stabilized  form  usually  preferred  for  applications.  Presumably, 
the  ionically-bonded  ceramic  oxides  MgO,  MgAl204,  and  AI2O3  would  recover 
more  completely  upon  warm-up  to  300  K,  from  damage  incurred  at  4 K,  than 
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covalently-bonded  silicates  such  as  Si02,  porcelain,  and  mica.  The 
covalently-bonded  AlN  may  be  intermediate  in  recovery  between  these  two 
groups . 


Table  12.3.1,  Comparison  of  Fluences  Required  for  Amorphization 
(Ambient  Temperature) . 


INSULATOR 

AMORPHIZATION  FLUENCE 

REFERENCE 

AI2O3 

4 X 10^^/m^  (40-keV  Kr,  Xe  ions) 

Matzke  and  Whi- 
tton  [1966] 

onset,  3 x 10^^/m^  (10-keV  Kr  ions) 

Jech  [1967] 

AIN 

crystalline,  2.8  x 10^^  n/m^  (E  > 1 MeV) 

Hickman  and 

onset,  -3.7  x 10^^  n/m^  (E  > 1 MeV) 

(75  to  lOO'C) 

Jostsons  [1969] 

MgO 

4 X lO^Vm^  (40-keV  Kr,  Xe  ions) 

Matzke  and 

Whitton  [1966] 

crystalline,  3 x 10^^  n/m^  (ISO'C) 
line  broadening,  4 x 10^^  n/m^  (150°C) 
onset,  4.2  x 10^^  n/m^  (100°C) 

Wilks  [1968] 

Porcelain 

onset,  8.4  x 10^^  n/m^  (E  > 14  MeV) 

Abdel-Fattah  et 

complete,  2.1  x 10^^  n/m^  (E  > 14  MeV) 

al.  [1981] 

crystalline,  2 x 10^^  n/m^  (E  > 100  eV) 

Klein  [1955] 

Quartz 

>5  X 10^^/m^  (150-keV  Ar  ions) 

Fischer  et  al. 
[1983b] 

onset,  -2  x 10^^  n/m^  (E  not  specified) 

Wittels  and 

complete,  1.2  x 10^^  n/m^  (E  not  specified) 

Sherrill  [1954] 

MgAl20, 

10^^/m^  (3-keV  Ar  ions)  plasma- sprayed  only 

Iwamoto  et  al . 

crystalline,  10^^/m^  (3-keV  Ar  ions) 

[1986] 

crystalline,  3 x 10^^/m^  (2.4-MeV  Mg  ions) 

Z inkle  and 

crystalline,  1.6  x 10^^/m^  (2 -MeV  Al  ions) 

Ko j ima  [1990] 

Zr02 

synthetic,  pure  Zr02  untransformed  at  3.6  x 

Wittels  and 

10^^  n/m^  (fast  neutrons) 

Sherrill  [1954] 
Hasegawa  et  al. 

onset,  -1.3  x 10^®/m^  N ions,  10  mol%  Y2O3 

[1986] 

Mica 

onset,  5 x 10^^/m^  (10-keV  Kr  ions) 
complete,  5 x 10^^/m^  (10-keV  Kr  ions) 

Jech  [1967] 

observable  mottling,  mica  phase,  Macor, 

Fowler  et  al. 

onset  -10^^  n/m^  (E  = 14  MeV) 

[1981] 

Review  in  §§4.3,  7.3  gives  evidence  for  relative  stability: 

MgO,  MgAl204  > AI2O3  > Si02,  mica  (see  §§9.4,  9.6) 

McHargue  et  al.  [1986]  demonstrated  that  host  ion  irradiation  may  not  induce 
amorphization  at  300  K,  but  will  at  77  K,  owing  to  recovery  of  damage  without 
chemical,  size  effects,  etc.  of  foreign  ions  that  stabilize  damage  at  -300  K. 
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12.4.  COMPARISON  OF  MECHANICAL  PROPERTIES;  COMPRESSIVE  FAILURE 


12.4.1.  Mechanical -Property  Measurements 

Recent  data  obtained  by  Dienst  and  Zimmermann  [1994],  kindly  supplied  by  the 
authors  as  a preprint,  furnishes  the  best  comparative  evidence  of  the  effect 
of  ambient- temperature  neutron  irradiation  on  ambient- temperature  mechanical 
properties.  Although  the  measurements  were  of  the  three -point  bending 
strength,  and  4-K  compressive  strength  after  irradiation  is  needed  for  the 
design  of  TF  magnets,  the  authors  compared  their  results  at  fast  neutron 
fluences  of  1.5  to  2.0  X 10^^/m^  (E  > 0.1  MeV)  at  ~100°C  with  previous  measure- 
ments at  fluences  5 x 10^^/m^  (at  400  to  500° C)  , and  concluded  that  the  fluence 
threshold  for  a significant  decrease  of  strength  in  AI2O3  was  in  the  range  of 
about  3 to  5 X 10^^/m^  (E  > 0.1  MeV).  Since  this  conclusion  is  valid  for 
irradiation  temperatures  at  least  100  K above  300  K,  the  implications  for  a 
fusion  fast  neutron  fluence  of  10^^/m^  at  4 K are  somewhat  disconcerting, 
because  the  sketchy  data  available,  reviewed  in  §1.3,  indicated  that  the 
defects  retained  from  this  fluence  at  4 K may  correspond  to  a fluence  about 
100  times  higher  at  -300  K.  Therefore,  the  threshold  for  significant  me- 
chanical property  damage  may  be  exceeded  by  the  predicted  TF  magnet  fluence. 
(The  low  fluence  required  for  brittle  behavior  in  MgO  near  ambient  tempera- 
ture reinforces  this  supposition.)  Dienst  and  Zimmermann  suggested  that  the 
strength  reduction  that  they  observed  was  probably  due  to  large  defect 
aggregates  that  formed  spontaneously,  independent  of  considerable  thermal 
diffusion.  Although  the  calculated  dpa  (e.g.,  from  Table  1.2.3)  of  this 
threshold  is  about  0.5  and  the  corresponding  calculated  TF  magnet  dpa  would  be 
-5  X 10“^,  the  amount  of  retained  damage  at  the  two  widely  different  tempera- 
tures from  fluences  differing  by  several  orders  of  magnitude  could  be  similar. 

The  three  materials  compared  in  these  tests  consisted  of  several  grades  of 
AI2O3,  including  fine-grained  Al203-Vitox  and  Al203-10%  Zr02,  MgAl20/, , and 
sintered  AIN.  Table  12.4.1  shows  that  all  of  the  grades  of  AI2O3  exhibited 
a similar  reduction  in  strength  of  20  to  25%  and  that  the  strength  of  the  AIN 
fell  drastically  to  only  about  37%  of  its  initial  value.  However,  the  mean 
flexural  strength  of  MgAl204  actually  increased  in  value,  although  the  change 
was  within  the  calculated  statistical  standard  deviation.  This  result  is  in 
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accord  with  previous  high- temperature  results  of  Clinard  et  al.  [1984].  The 
flexural  strength  of  the  irradiated  MgAl204  is  still  below  that  of  the  irradi- 
ated AI2O3,  however.  With  regard  to  retention  of  mechanical  properties  under 
irradiation,  the  order  of  resistance,  according  to  the  data  presented  in  Table 
12.4.1  is: 

MgAl204  > AI2O3  > AIN. 


Table  12.4.1.  The  Change  in  the  Mean  Ultimate  Bending  Strength 
(with  statistical  standard  deviation  for  13  specimens,  each  value) 
of  Several  Ceramic  Insulators  after  a Fast  Neutron  Fluence  of  2.0 
± 0.2  X 10^^/m^  (E  > 0.1  MeV)  at  110  to  115°C.  Data  from  Dienst 
and  Zimmermann  [1994]. 


MATERIAL 

MEAN  ULTIMATE  BENDING 
STRENGTH,  UNIREADIATED , 
MPa 

MEAN  ULTIMATE  BENDING 
STRENGTH,  IRRADIATED, 
MPa 

Al203~SC 

372  ± 48 

273  ± 39 

Al2O3-10%  Zr02 

503  ± 46 

427  ± 59 

Al203-Vitox 

418  ± 35 

352  ± 46 

Al203-Bio 

322  ± 35 

255  ± 36 

AI2O3-AL23 

208  ± 24 

150  ± 30 

MgAl20^ 

148  ± 53 

168  ± 49 

AlN-Shapal 

301  ± 21 

112  ± 12 

Diametral  compressive  tests  by  Hurley  et  al.  [1981]  after  a fast  neutron  flu- 
ence of  2.1  X 10^^/m^  at  430  ± 5 K indicated  a higher  initial  tensile  strength 
for  polycrystalline  MgAl204  than  for  MgO,  and,  on  average,  slightly  better 
strengthening  after  irradiation  for  MgAl204.  Compressive  strength  data  on 
single -crystal  MgO  indicated  a severe  deterioration  at  an  ambient  fluence  just 
below  2 X lO^V™^  (E  > 1 MeV) . Most  specimens  broke  before  testing  could  be 
completed.  The  irradiation  temperature  was  40  to  60°C.  Since  all  three 
ceramics  tested  by  Dienst  and  Zimmermann  survived  irradiation  at  100°C  and 
were  tested  in  tension,  which  may  be  a more  sensitive  test  of  irradiation 
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damage  than  compression,  the  order  of  retention  of  mechanical  properties  can 
be  expanded  to : 

MgAl204  > AI2O3  > AIN  > MgO. 

However,  polycrystalline  MgO  might  have  fared  better  under  comparable  irradia- 
tion at  somewhat  higher  temperatures  of  100°C  and  above  that  allow  more  defect 
recombination.  The  compressive  flow  strength  of  the  MgO  was  increasing  very 
rapidly  with  fluence  until  the  sudden  onset  of  brittle  failure  that  made  spec- 
imens very  difficult  to  handle  (§4.4).  The  problem  occurred  at  a defect  con- 
centration of  only  -3  x lO^Vcm^  (~3  x 10~^  dpa) . 

Comparable  measurements  of  mechanical  strength  after  irradiation  have  not  been 
made  on  porcelain,  quartz,  pure  and  stabilized  Zr02,  and  mica.  The  onset  of 
mechanical  degradation  in  pure  Zr02  may  occur  at  a fast  neutron  fluence  as  low 
as  5 X 10^^/m^  (E  > 1 MeV)  [Harrop  et  al . , 1967],  but  this  observation  was 
obtained  on  a bending  test  of  an  oxide-metal  sandwich  (§8.4).  The  results  may 
have  been  affected  by  radiation  damage  in  the  metal,  or  by  the  characteristics 
of  the  film  of  Zr02  tested.  The  unirradiated,  ambient- temperature  compressive 
strengths  of  some  of  these  materials  are  given  in  Table  12.4.2.  The  compara- 
tive values  from  Rice  [1971]  were  the  highest  available  at  the  time.  The 
compressive  strength  of  quartz  is  comparable  to  that  of  the  ceramic  oxides. 
However,  its  fluence  of  amorphization  is  much  lower. 

12.4.2.  Critical  Strain  for  Compressive  Failure 

The  critical  strain  at  which  compressive  failure  would  occur  in  insulation  is 
given  by  the  ratio  of  the  compressive  strength  to  the  compressive  modulus. 
Using  the  295 -K  values  for  these  quantities,  given  in  Tables  12.4.2  and  12.4.3 
for  several  insulators,  the  critical  strains,  ^crit*  calculated  and  given 

in  the  second  table.  For  comparison  with  the  experimental  volume  swelling 
given  in  Table  12.2.1,  the  critical  strains  are  multiplied  by  3 to  give  a 
value  for  (AV/V)j,j.j,t.  This  simple  calculation  assumes  that  all  of  the  force 
from  the  radation  expansion  is  applied  to  the  polycrystalline  material  as  a 
compressive  stress.  This  is  not  necessarily  the  worst  case,  since  additional 
compressive  forces  could  be  exerted  by  other  metallic  components,  which  gener- 
ally contract  more  than  the  ceramics  between  295  and  4 K,  and  which  may  also 
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Table  12.4.2.  The  Compressive  Strength  at  295  K of  Several  Polycrystalline 
Oxides  and  a Nitride,  and  Quartz,  Porcelain,  Mica,  and  Glass-Mica  Composites. 


INSULATOR 

COMPRESSIVE  STRENGTH,  GPa 

REFERENCE 

AI2O3 

4.48* 

Rice  [1971] 

MgO 

1.38 

Rice  [1971] 

MgAl204 

2.76 

Rice  [1971] 

Si02  (crystal) 

2.48 

Rice  [1971] 

Si02  (vitreous) 

1.31 

Rice  [1971] 

Ca0^,-stab.Zr02 

2.00 

Rice  [1971] 

AIN 

2.07 

Rice  [1971] 

Porcelains 

(experimental 

electrical) 

0.66  to  <1.38 

Schroeder  and  Guertin  [1978] 

Mica  (multiple- 
ply  paper) 

-0.138  (550“C) 

Ketterer  [1964] 

Macor  (various 
flake  sizes) 

0.104  to  0.276 

Chyung  [1974] 

Glass-mica  com- 
posite 

>0.053 

Low  [1980] 

Highest  observed  for  AI2O3 ; grain  size  2 fim. 


swell  somewhat  under  irradiation.  The  last  two  columns  of  Table  12.4.3  com- 
pare (AV/V)j,j.it  with  the  expected  swelling  for  an  ambient  neutron  fluence  of 
-10^^/m^  from  Table  12.2.1.  Spinel  appears  to  have  the  best  resistance  to 
swelling- induced  compressive  failure,  and  among  the  ceramic  oxides,  MgO  is 
closest  to  this  type  of  failure.  Owing  to  the  lack  of  reliable  modulus  values 
and  comparative  compressive  strength  measurements,  this  calculation  was  not 
carried  out  for  mica.  Note,  however,  the  large  expansion  and  low  compressive 
strength  of  the  mica  paper  compared  to  the  other  ceramics.  A mica-glass  mate- 
rial, identified  by  the  authors  as  a type  of  mica  paper,  failed  in  compression 
at  less  than  10  000  cycles  before  irradiation;  consequently,  it  was  not  in- 
cluded in  a radiation  fatigue  program  [Erez  and  Becker,  1982].  The  volume 
expansion  of  quartz  is  far  above  the  critical  strain. 
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Table  12.4.3.  Comparison  of  (AV/V)(.rit  with  Experimental  Swelling. 


INSULATOR 

E,  GPa 

^ crit 

(AVA)crit.% 

(AVA)expt.% 

AI2O3 

380* 

0.0118 

3.54 

0.35 

MgO 

283 

0.00488 

1.46 

0.75 

MgAl204 

270* 

0.0102 

3.06 

<0.35 

AIN 

320* 

0.00647 

1.94 

0.7 

Quartz 

476 

0.0028 

0.82 

11 

* Dienst  et  al . [1990] 


12.5.  CONCLUSIONS:  MATERIAL  SELECTION 

On  the  basis  of  the  data  on  volume  change,  fluence  of  amorphization,  and  re- 
tention of  mechanical  properties,  MgAl20^  appears  to  have  the  best  resistance 
to  irradiation  of  the  materials  surveyed  for  this  report.  However,  its  com- 
pressive strength  is  lower  than  that  of  AI2O3,  and  in  plasma-sprayed  form, 
MgAl204,  may  be  considerably  less  radiation-resistant  than  it  is  in  polycrys- 
talline form  (§7.3).  Data  on  its  resistance  to  host-atom  amorphization  at 
cryogenic  temperatures  are  lacking,  in  comparison  to  the  77-K  data  on  AI2O3 
obtained  by  McHargue  et  al. 

In  situ  measurements  after  4-K  fast  neutron  irradiation  of  the  most  promising 
inorganic  insulation  candidates,  MgAl20/, , AI2O3 , AIN,  and  MgO  are  urgently 
needed.  Mica  is  not  a promising  candidate,  in  view  of  its  possible  delamina- 
tion, existing  porosity,  tracking  from  fission,  and,  perhaps,  additional 

4-K  tracking  from  a particles  produced  by  very  high  energy  neutrons.  However, 
mica  could  perform  an  essential  role  in  averting  electrical  breaking  and  per- 
mitting less  costly  fabrication  procedures.  Therefore,  it  should  also  be 
tested  in  situ.  Compressive  strength,  shear  strength  (if  needed  in  the  de- 
sign) , electrical  breakdown,  and  any  other  critical  properties  must  be  mea- 
sured in  situ.  Testing  after  warm-up  will  not  correctly  simulate  operating 
conditions,  owing  to  recovery  of  nearly  all  4-K  defects  by  300  K.  In  fact, 
many  4-K  defects  may  recover  by  77  K.  (Atobe  and  Nakagawa  [1987]  claimed  that 
there  was  no  further  recovery,  between  77  and  300  K,  of  defects  generated  at 
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15  K.)  Therefore,  storage  at  77  K before  testing  may  give  misleading  results, 
and  any  such  storage  procedures  should  be  first  validated  by  in  situ,  4-K 
testing  after  4-K  irradiation.  The  simulation  of  "operating  conditions"  for 
electrical  breakdown  strength  measurements  includes  the  provision  of  an  elec- 
trical field  of  maximum  strength,  because  electrical  fields  present  during 
neutron  irradiation  may  adversely  and  permanently  alter  electrical  character- 
istics of  ceramic  oxides  (§11). 

12.6.  CONCLUSIONS:  FURTHER  RESEARCH 

Owing  to  recovery  processes,  the  absence  of  4-K  irradiation  and  in  situ  test- 
ing of  inorganic  insulation  is  a severe  limitation  in  material  downselection, 
and  in  setting  realistic  radiation  limits  for  the  ITER  TF  magnets.  No  mean- 
ingful design  data  are  available  at  present,  so  it  is  not  known  whether  a 
magnet  can  be  constructed  with  insulation  that  will  withstand  the  projected 
fast  neutron  fluence  of  lO^V™^  at  4 K.  The  most  conservative  course  is  to 
remove  silicate-bonded  materials  from  consideration,  since  they  are  known  to 
amorphize  at  -300  K at  an  onset  fast  neutron  fluence  of  -10^^/m^.  This  elimi- 
nates quartz,  vitreous  Si02,  porcelain,  and  mica.  Both  highly  pure  and  stabi- 
lized Zr02  should  be  eliminated  also,  because  of  the  difficulty  of  maintaining 
high  purity  during  fabrication  and  high  energy  irradiation,  and  the  probable 
transformation  of  cubic-stabilized  phases  to  other  phases  during  irradiation. 
This  leaves  AIN,  MgAl204 , MgO , and  AI2O3 . AlN  can  be  eliminated  because  it 
is  covalent  and  of  lower  strength,  and  MgO  can  be  eliminated  because  of  poor 
post-irradiation  compressive  strength.  Although  the  remaining  two  ceramic 
oxides  appear  to  resist  neutron  or  host  atom  amorphization  at  -300  K,  which 
the  silicates  do  not,  host  ion  amorphization  has  been  demonstrated  for  AI2O3 
at  77  K,  and  has  apparently  not  been  attempted  in  MgAl20^  at  77  K (§§2.3, 

7.3).  (Host  ion  amorphization  is  roughly  equivalent  to  neutron  amorphization 
since  it  is  the  host  PKAs  that  do  the  damage  in  neutron  irradiation.  The  ion 
fluences  used  for  AI2O3  were  high,  but  apparently,  a threshold  fluence  was  not 
established.)  The  observation,  by  McHargue  et  al . [1986]  of  a pronounced 
temperature  dependence  of  amorphization,  raises  a cautionary  signal  against 
proceeding  with  the  design  of  ITER  TF  magnets  under  the  present  assumptions, 
without  4-K  irradiation  and  in  situ  test  measurements  of  critical  properties, 
such  as  the  electrical  breakdown  and  compressive  strengths. 
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If  4-K  neutron  irradiation  sources  are  not  available,  ion  irradiation  simula- 
tion is  the  next  best  alternative  in  most  cases,  although  the  short  range  of 
ions  severely  limits  specimen  size  and  the  properties  that  can  be  measured. 

If  warm-up  to  -300  K is  contemplated  to  allow  recovery  and  permit  a higher 
total  fluence  before  serious  radiation  damage  occurs,  note  that  there  is  no 
data  base  at  present  to  thoroughly  validate  and  quantify  such  procedures. 
However,  it  it  likely  that  the  ceramic  oxides  would  be  amenable  to  such  pro- 
cedures, whereas  damage  to  the  silicate  bonds  in  vitreous  Si02,  quartz,  mica, 
and  porcelain  might  be  harder  to  repair.  Note  that  at  least  two  observations 
indicate  that  porous  ceramic  oxides  may  be  more  subject  to  microcracking  and 
amorphization:  see  §2.2  for  microcracking  in  AI2O3  of  7%  porosity  and  §7.3 

for  amorphization  of  plasma- sprayed,  rather  than  sintered  MgAl20^.  This  indi- 
cates that  the  good  radiation  resistance  of  the  dense,  polycrystalline  ceramic 
oxides  cannot  be  extrapolated  to  plasma- sprayed  fomns . 

12.7.  HYBRID  INSULATION  SUMMARY 

Coghlan  and  Clinard  [1991]  presented  evidence  of  an  unusual  dependence  of  the 
volume  swelling  of  Macor  upon  fluence,  which  they  traced  to  the  extensive 
swelling  of  the  mica  constituent  coupled  with  compaction  of  the  glassy  matrix 
(§10.1.2).  Such  differential  swelling  in  composites  may  lead  to  severe  inter- 
facial stresses  in  irradiated  hybrid  insulation,  culminating  in  severe  loss  of 
strength  [Clinard  et  al.,  1984].  In  an  early  survey  of  radiation  damage  to 
insulators  [Sisman  et  al.,  1957],  the  break-up  of  glass-bonded  mica  specimens 
was  reported  at  an  epithermal  fluence  of  2 to  6 x 10^^/m^,  which  other  mate- 
rials in  the  survey,  such  as  AI2O3,  MgAl20^ , porcelain,  and  non-bonded  forms 
of  mica  and  Si02,  evidently  survived.  Theoretical  studies  of  interfacial 
stresses  in  irradiated,  bonded  materials  have  also  been  carried  out  (§10.3), 
but  only  for  metals. 

12.8.  ELECTRICAL  DEGRADATION  BY  RADIATION  AND  FIELD:  SUMMARY 

Both  ionizing  and  displacive  radiation  are  necessary  for  RIC.  Therefore, 
electrical  degradation  from  a neutron  fluence  cannot  be  simulated  by  7 or 
electron  radiation.  The  presence  of  an  electric  field  during  radiation 
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appears  to  cause  permanent  damage  to  the  insulator  that  probably  cannot  be 
repaired  by  annealing,  even  at  temperatures  far  above  ambient.  Electron, 
rather  than  ion,  conduction  appears  to  be  the  chief  contributor  to  RIED. 

This  conclusion  is  based  upon  the  permanent  diminution  of  the  activation 
energy  that  is  observed  after  radiation  accompanied  by  an  electric  field. 

The  threshold  field  for  an  effect  is  as  low  as  19  V/mm;  longer  irradiations 
are  required  at  lower  fields  before  the  onset  of  electrical  breakdown.  At 
present,  only  a few  ceramic  oxides,  such  as  MgO,  AI2O3 , and  MgAl204, , have  been 
investigated  for  RIED,  but  there  are  data  on  RIC  from  ionization  sources  for 
Si02,  Zr02  and  mica. 

Since  displacive  radiation  is  required  for  the  effect,  and  the  displacive 
component  of  radiation  does  more  damage  at  4 K than  at  ambient  temperature, 
a cryogenic  effect  cannot  be  ruled  out,  although  no  testing  below  300  K has 
been  done,  and  there  are  some  indications  of  higher- temperature  thresholds. 
Furthermore,  since  electron  conduction,  rather  than  ion  conduction,  is  pre- 
dominantly involved  in  the  process,  the  decrease  of  ionic  conductivity  that 
occurs  in  insulators  at  low  temperatures,  owing  to  reduced  ion  mobility,  may 
be  irrelevant  to  the  dependence  of  the  effect  upon  temperature.  At  present, 
a temperature  threshold  has  not  been  established  with  certainty  for  all  condi- 
tions, including  exposure  to  electric  fields  and  radiation  for  extended  time 
periods.  However,  under  certain  conditions,  some  data  indicate  a shorter  time 
period  before  onset  in  MgO  than  in  AI2O3  (Figure  11.3.3),  and  a lower  tempera- 
ture threshold  in  MgAl20^  than  in  AI2O3  (Figures  11.3.9  and  11.3.10).  These 
results,  indicating  superior  resistance  of  AI2O3  to  electrical  breakdown  under 
irradiation,  are  supported  by  the  high  resistance  of  single-crystal  AI2O3 
to  high- temperature  electrical  breakdown.  Because  the  electrical  breakdown 
phenomena  are  not  well  understood,  4-K,  in  situ  tests  of  insulators  under 
operating  conditions  are  recommended.  Goland  [1978]  described  an  experimental 
chamber  for  dielectric  breakdown  measurements  to  be  used  in  an  electron 
accelerator.  More  recent  information  on  instruunentation  for  use  in  a fission 
reactor  is  available  [Shikama  et  al.,  1992a, b,  and  citations  therein]. 
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